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ABSTRACT 
Proteins are the basic unit of life, and an understanding of their structure and 
function is necessary to understand how life works. In fact, proteins are 
necessary to replicate the DNA that produced it in the first place! Much effort 
(about thirty years worth) has been expended trying to understand how two-
dimensional information stored in DNA is converted into three-dimensional 
structure of proteins in the short time scale (fractions of a second) that occurs 
in the cell. So,- there is a huge gap in our knowledge of how we move from 
protein sequence to function in living organisms: the line of sight from the 
genetic blueprint for a protein to its biological function is blocked by the 
impenefrable jungle of protein folding. Protein folding is the physical process 
by which a polypeptide folds into its characteristic and functional three-
dimensional structure. Protein folding problem remains one of the most basic 
unsolved dilemmas in biophysics, molecular biology, protein chemistry and 
computational biology. Solving the folding problem has enormous 
implications: exact drugs can be designed theoretically on a computer without 
a great deal of experimentation. Genetic engineering experiments to improve 
the function of particular proteins will be possible. Simulating protein folding 
can allow us to go forward with the modeling of the proteins. Structure of 
thousands of proteins could be deciphered as soon as these are sequenced, 
revolutionizing our understanding of how proteins function. The protein 
folding code won't be deciphered overnight; this problem will probably be 
slowly chipped away rather than being solved in one big leap. 
Proteins are known to accumulate different conformational states during their 
unfolding by various denaturants. In order to understand the phenomenon of 
protein folding, all conformational states should be described with respect to 
their structure and function because such conformational states might resemble 
the intermediate state along the in vivo protein folding pathway, and thus play 
an important role in understanding the mechanism of protein folding. Solvent 
denaturation studies are used to characterize folding intermediates and also to 
determine protein stability. 
Chapter 3 
Lipases are versatile biocatalysts that bring about a range of bioconversions of 
lipids such as hydrolysis, transesterification, alcoholysis, acidolysis and 
aminolysis. They also exhibit cutinase and amidase activities. Biotechnological 
versatility, high regio-Zenantioselectivity and tremendous potential of these 
enzymes have been harnessed in areas such as food technology, biomedical 
sciences, chemical and oleochemical industries, pesticides, single cell proteins, 
cosmetics, waste disposal, biosensor modulations, detergents, leather 
processing etc. Though biotechnologically important class of protein, very few 
attempts towards characterization of folding intermediates of lipases have been 
made. Studies on the acid-induced unfolding of Mucor miehei lipase were 
performed. Acid denaturation of the lipase showed loss of secondary structure 
and alterations in the tertiary structure in the pH range 40 to 20 and 70 to 20 
respectively, suggesting that the lipase existed as an acid-imfolded state ~pH 
20. The acid unfolded state at around pH 20 has been characterized by 
significant loss of secondary structure and a small increase in fluorescence 
intensity with a blue shift of 2 nm, indicating shift of tryptophan residues to 
less polar environment. A fiirther decrease in pH (fi-om 20 to 1-0) resulted in a 
second transition, which corresponded to the formation of both secondary and 
tertiary structures. Interestingly, the lipase at pH 10 exhibited characteristics 
of molten globule, such as enhanced binding of hydrophobic dye, native-like 
secondary structure and slightly altered tryptophanyl envirormient. That the 
molten globule of the lipase at pH 10 also possessed native-like tertiary 
structure was an interesting observation made for Mucor miehei lipase. 
Further structural characteristics along with equilibrium unfolding of Wheat 
Germ Lipase were studied in solution. It has been shown that acid denaturation 
of lipase lead to characterization of multiple intermediates. Native protein at 
pH 70 showed far UV-CD spectrum indicating mixed structure with both 
alpha and beta-type of characteristics. Activity of lipase was found to fall on 
either sides of pH 7-8. Acid-unfolded state has been characterized at pH 40 
with residual secondary structure, disrupted tertiary spectrum and red-shifted 
fluorescence spectrum with decreased intensity. Further decrease in pH lead to 
formation of secondary structure and acid-induced molten globule state, has 
been found to be stabilized at pH 1-4, with exposed tryptophan residues and 
hydrophobic patches. Most interesting part of this study was characterization 
of acid-refolded state at pH 0-8 with higher secondary structure content than 
that of native lipase and regained tertiary spectrum. Surprisingly, although 
enzymatically inactive, acid refolded state was foxmd to be structurally more 
stable than native lipase as shovra by chemical and temperature denaturation 
profiles. 
Characterization of molten globule and other partially folded states may help in 
better understanding of folding of these proteins. 
Chapter 4 
Thiol proteases are industrially significant proteins with catalytic efficiency. 
The effect of low, medium and high molecular-weight poly(ethylene glycol) 
(PEG- 400, 6000 and 20000) on the stability of thiol proteases (papain, 
bromelain and chymopapain) has been studied by activity measurements using 
synthetic substrate (Z-L-lys-ONp hydrochloride). Structural studies performed 
on papain by far UV circular dichroism (CD) spectroscopic measurements 
indicated that there was loss in secondary structure of the protein in presence 
of increasing concentration of PEGs. Intrinsic fluorescence measurements lead 
us to conclude that tryptophan residues of protein encounter non-polar 
microenvironment in presence of PEG solvent while acrylamide quenching 
showed greater accessibility of tryptophan residues of papain in presence of 
PEGs. Extrinsic fluorescence measurements indicated that PEGs bind to 
hydrophobic sites of the protein and thus destabilize it. Thermal denaturation 
studies showed that melting temperature of papain is decreased in presence of 
PEGs. The results imply that caution must be exercised in the use of PEGs 
111 
with thiol proteases or hydrophobic proteins in general, for different industrial 
applications, even at room temperature. 
Chapter 5 
Concanavalin A (Con A) exists in dimeric state at pH 5-0. In concentration 
range 20-60% (v/v) 2,2,2-trifluoroethanol (TFE) and 2-40% (v/v) 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP), Con A at pH 5 0 showed visible aggregation. 
However, when succinyl Con A was used, no aggregation was observed in the 
entire concentration range of fluoroalcohols (0-90% v/v TFE and HFIP) and 
resulted in stable alpha-helix formation. Temperature-induced concentration-
dependent aggregation in Con A was also found to be prevented/reduced in 
succinylated form. Electrostatic repulsion among residues may be responsible 
for prevention of hydrophobically driven aggregation. Results indicated that 
succinylation of a protein resulted in greater stability (in both beta-sheet and 
alpha-helical forms) against alcohol-induced and temperature-induced 
concentration dependent aggregation and this observation may play significant 
role in amyloid-forming proteins. 
Effect of TFE and HFIP on the conformation of a dimeric protein, Succinyl 
Con A, has been investigated. Far UV-CD, a probe for secondary structure 
showed loss of native secondary structure in the presence of low concentration 
of both the alcohols, TFE (10% v/v) and HFIP (4% v/v). Upon addition of 
higher concentration of these alcohols, Succinyl Con A exhibited 
transformation from beta-sheet to alpha-helical structure. Intrinsic tryptophan 
fluorescence studies, ANS binding and near UV-CD experiments indicated that 
the protein is more expanded, have more exposed hydrophobic surfaces and 
highly disrupted tertiary structure at 60% (v/v) TFE and 30% (v/v) HFIP 
concentrations. Taken together these results, it might be concluded that TFE 
and HFIP induced two intermediate states at their low and high concentrations 
in Succinyl Con A. 
Stability studies on Succinyl Con A were performed in presence of 
denaturants, i.e. Guanidine hydrochloride (GdnHCl) and urea. The equilibrium 
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denaturation pathway of Succinyl Con A exhibited three-state mechanism with 
the transition midpoints at 1 and 3 M GdnHCl and at 2-6 and 5 M urea. 
Unfolding resulted in stabilization of molten-globule (MG) like intermediate 
states at 2 M GdnHCl and 3 M urea. The two MG-like states retained 
secondary structure as in native state, had altered intrinsic fluorescence 
characteristics with exposed hydrophobic patches. 
Characterization of partially folded intermediates could be important in 
understanding folding of Succinyl Con A. Possibility of preventing aggregation 
by succinylation can have useful implications. 
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PREFACE 
Understanding how linear chain of amino acid navigates its way to a unique, biologically 
active conformation has intrigued scientists from decades. A solution to the protein-
folding problem will provide missing link between a gene sequence to 3-dimentional 
structure of a protein. It is expected to have its major impact on our understanding of the 
molecular basis of several genetic diseases and new medicines. It will also provide 
opportunities for the design of proteins of desired function. 
The unfolding of proteins by chemical denaturants, extremes of pH and alcohols under in 
vitro conditions has received great attention as various partially folded intermediates have 
been found to accumulate during equilibrium unfolding of a number of proteins. There 
has been a considerable interest in characterizing these partially folded states for gaining 
an insight into the possible determinants of the protein folds and the mechanism of 
protein folding, because these intermediate states of molten globule type are generally 
believed to be meaningful counterparts of early folding intermediates. Apart from 
characterization of folding intermediates, equilibrium denaturation studies also provide 
insights into stability of the proteins. 
We have carried out experiments to study the structural properties of monomeric and 
dimeric proteins in the presence of pH, urea, guanidine hydrochloride and fluoroalcohols 
and identified and characterized unfolding intermediate states. 
The work has been compiled into five chapters. The first chapter deals with the basic 
concept, history and applications of protein folding. Experimental procedures and 
materials used in the study have been described in the second chapter. Third and fourth 
chapters deal with unfolding and stability studies on monomeric proteins. Third chapter 
describes the work done on lipases (monomeric proteins) at different pH and partially 
folded states have been characterized. Fourth chapter contains studies on poly(ethylene 
glycol) induced destabilization of monomeric thiol proteases. In the fifth chapter, the 
effect of fluoroalcohols and denaturants like temperature, urea and guanidine 
hydrochloride on the conformation of Succinyl Concanavalin A (a dimeric protein) has 
been presented. 
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ABSTRACT 
Proteins are the basic unit of life, and an understanding of their structure and 
function is necessary to understand how Ufe works. In fact, proteins are necessary 
to replicate the DNA that produced it in the first place! Much effort (about thirty 
years worth) has been expended trying to understand how two-dimensional 
information stored in DNA is converted into three-dimensional structure of 
proteins in the short time scale (fractions of a second) that occurs in the cell. So, 
there is a huge gap in our knowledge of how we move from protein sequence to 
function in living organisms: the line of sight from the genetic blueprint for a 
protein to its biological function is blocked by the impenetrable jungle of protein 
folding. Protein folding is the physical process by which a polypeptide folds into 
its characteristic and functional three-dimensional structure. Protein folding 
problem remains one of the most basic unsolved dilemmas in biophysics, 
molecular biology, protein chemistry and computational biology. Solving the 
folding problem has enormous implications: exact drugs can be designed 
theoretically on a computer without a great deal of experimentation. Genetic 
engineering experiments to improve the function of particular proteins will be 
possible. Simulating protein folding can allow us to go forward with the modeling 
of the proteins. Structure of thousands of proteins could be deciphered as soon as 
these are sequenced, revolutionizing our understanding of how proteins function. 
The protein folding code won't be deciphered overnight; this problem will 
probably be slowly chipped away rather than being solved in one big leap. 
Proteins are known to accumulate different conformational states during their 
unfolding by various denaturants. In order to understand the phenomenon of 
protein folding, all conformational states should be described with respect to their 
structure and function because such conformational states might resemble the 
intermediate state along the in vivo protein folding pathway, and thus play an 
important role in understanding the mechanism of protein folding. Solvent 
denaturation studies are used to characterize folding intermediates and also to 
determine protein stability. 
Chapter 3 
Lipases are versatile biocatalysts that bring about a range of bioconversions of 
lipids such as hydrolysis, transesteriflcation, alcoholysis, acidolysis and 
aminolysis. They also exhibit cutinase and amidase activities. Biotechnological 
versatility, high regio-Zenantioselectivity and tremendous potential of these 
enzymes have been harnessed in areas such as food technology, biomedical 
sciences, chemical and oleochemical industries, pesticides, single cell proteins, 
cosmetics, waste disposal, biosensor modulations, detergents, leather processing 
etc. Though biotechnologically important class of protein, very few attempts 
towards characterization of folding intermediates of lipases have been made. 
Studies on the acid-induced unfolding of Mucor miehei lipase were performed. 
Acid denaturation of the lipase showed loss of secondary structure and alterations 
in the tertiary structure in the pH range 40 to 2-0 and 70 to 20 respectively, 
suggesting that the lipase existed as an acid-unfolded state ~pH 20. The acid 
unfolded state at around pH 20 has been characterized by significant loss of 
secondary structure and a small increase in fluorescence intensity with a blue shift 
of 2 nm, indicating shift of tryptophan residues to less polar environment. A 
ftirther decrease in pH (from 20 to 10) resulted in a second transition, which 
corresponded to the formation of both secondary and tertiary structures. 
Interestingly, the lipase at pH 1 -0 exhibited characteristics of molten globule, such 
as enhanced binding of hydrophobic dye, native-like secondary structure and 
slightly altered tryptophanyl environment. That the molten globule of the lipase at 
pH 1 -0 also possessed native-like tertiary structure was an interesting observation 
made for Mucor miehei lipase. 
Further structural characteristics along with equilibrium unfolding of Wheat Germ 
Lipase were studied in solution. It has been shown that acid denaturation of lipase 
lead to characterization of muUiple intermediates. Native protein at pH 7-0 showed 
far UV-CD spectrum indicating mixed structure with both alpha and beta-type of 
characteristics. Activity of lipase was found to fall on either sides of pH 7-8. Acid-
unfolded state has been characterized at pH 4-0 with residual secondary structure, 
disrupted tertiary spectrum and red-shifted fluorescence spectrum with decreased 
intensity. Further decrease in pH lead to formation of secondary structure and 
acid-induced molten globule state, has been found to be stabilized at pH 1 -4, with 
exposed tryptophan residues and hydrophobic patches. Most interesting part of 
this study was characterization of acid-refolded state at pH 0-8 with higher 
secondary structure content than that of native lipase and regained tertiary 
spectrum. Surprisingly, although enzymatically inactive, acid refolded state was 
found to be structurally more stable than native lipase as shown by chemical and 
temperature denaturation profiles. 
Characterization of molten globule and other partially folded states may help in 
better understanding of folding of these proteins. "" 
Chapter 4 
Thiol proteases are industrially significant proteins with catalytic efficiency. The 
effect of low, medium and high molecular-weight poly(ethylene glycol) (PEG-
400, 6000 and 20000) on the stability of thiol proteases (papain, bromelain and 
chymopapain) has been studied by activity measurements using synthetic substrate 
(Z-L-lys-ONp hydrochloride). Structural studies performed on papain by far UV 
circular dichroism (CD) spectroscopic measurements indicated that there was loss 
in secondary structure of the protein in presence of increasing concentration of 
PEGs. Intrinsic fluorescence measurements lead us to conclude that tryptophan 
residues of protein encounter non-polar microenvironment in presence of PEG 
solvent while acrylamide quenching showed greater accessibility of tryptophan 
i l l 
residues of papain in presence of PEGs. Extrinsic fluorescence measurements 
indicated that PEGs bind to hydrophobic sites of the protein and thus destabilize it. 
Thermal denaturation studies showed that melting temperature of papain is 
decreased in presence of PEGs. The results imply that caution must be exercised in 
the use of PEGs with thiol proteases or hydrophobic proteins in general, for 
different industrial applications, even at room temperature. 
Chapter 5 
Concanavalin A (Con A) exists in dimeric state at pH 5 0. In concentration range 
20-60% (v/v) 2,2,2-trifluoroethanol (TFE) and 2-40% (v/v) 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP), Con A at pH 50 showed visible aggregation. 
However, when succinyl Con A was used, no aggregation was observed in the 
entire concentration range of fluoroalcohols (0-90% v/v TFE and HFIP) and 
resulted in stable alpha-helix formation. Temperature-induced concentration-
dependent aggregation in Con A was also found to be prevented/reduced in 
succinylated form. Electrostatic repulsion among residues may be responsible for 
prevention of hydrophobically driven aggregation. Results indicated that 
succinylation of a protein resulted in greater stability (in both beta-sheet and 
alpha-helical forms) against alcohol-induced and temperature-induced 
concentration dependent aggregation and this observation may play significant 
role in amyloid-forming proteins. 
Effect of TFE and HFIP on the conformation of a dimeric protein, Succinyl Con 
A, has been investigated. Far UV-CD, a probe for secondary structure showed loss 
of native secondary structure in the presence of low concentration of both the 
alcohols, TFE (10% v/v) and HFIP (4% v/v). Upon addition of higher 
concentration of these alcohols, Succinyl Con A exhibited transformation from 
beta-sheet to alpha-helical structure. Intrinsic tryptophan fluorescence studies, 
ANS binding and near UV-CD experiments indicated that the protein is more 
expanded, have more exposed hydrophobic surfaces and highly disrupted tertiary 
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structure at 60% (v/v) TFE and 30% (v/v) HFIP concentrations. Taken together 
these results, it might be concluded that TFE and HFIP induced two intermediate 
states at their low and high concentrations in Succinyl Con A. 
Stability studies on Succinyl Con A were performed in presence of denaturants, 
i.e. Guanidine hydrochloride (GdnHCl) and urea. The equilibrium denaturation 
pathway of Succinyl Con A exhibited three-state mechanism with the transition 
midpoints at 1 and 3 M GdnHCl and at 2-6 and 5 M urea. Unfolding resuked in 
stabilization of molten-globule (MG) like intermediate states at 2 M GdnHCl and 
3 M urea. The two MG-like states retained secondary structure as in native state, 
had altered intrinsic fluorescence characteristics with exposed hydrophobic 
patches. 
Characterization of partially folded intermediates could be important in 
understanding folding of Succinyl Con A. Possibility of preventing aggregation by 
succinylation can have useful implications. 
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REVIEW OF LITERATURE 
CHAPTER 1 
REVIEW OF LITERATURE 
1.1. Protein Folding 
Proteins are the most abundant biological macromolecules, rightly called as 
workhorses of our body. Each protein begins as a polypeptide, translated from a 
sequence of mRNA as a linear chain of 20 different naturally occurring amino 
acids, constituting its primary structure. Secondary structures are formed due to 
ordering along short stretches of the protein, mainly due to hydrogen bonding 
between amino-acid backbones. Tertiary conformation represents three-
dimensional structure of protein that results from long-range contacts within the 
chain. In some proteins, quaternary structure is formed that involves clustering of 
more than one polypeptide chains (in their tertiary structure) to form a single 
protein. 
The process by which a linear polypeptide chain transforms into three-dimensional 
functional structure is known as protein folding. Defining mechanism governing 
folding remains a central point in biophysics and molecular biology [1]. Each 
amino acid in the chain can be thought of having certain 'gross' chemical features. 
These may be hydrophobic, hydrophilic or electrically charged. These amino-acids 
interact with each other and their surroundings in the cell to produce a well-
defined, three dimensional shape of the folded protein, known as the native state. 
Protein can fold spontaneously into functionally active native conformation under 
in-vitro conditions as if folding code is encoded by primary sequence of proteins. 
Protein folding is a topic of fundamental interest since it concerns the mechanisms 
by which linear information of genetic message is transformed into three-
dimensional and functional structure of proteins [2]. Protein folding problem 
involves a number of related questions such as how does the amino acid code for 
the fold, given that the backbone of all proteins has the same composition, in other 
words, how do the side chains dictate the overall fold? How does a given sequence 
find its specific native structure in a finite time among the astronomical number of 
possible conformations that a polypeptide could adopt? How is the folding process 
initiated and what is (are) the pathway (s) of folding? What is the physical basis of 
the stability of native conformations? Are the main rules of protein folding 
deduced from in vitro studies valid for folding in vivo? 
1.2. Protein folding models 
Functional activity of the protein depends on its correct folding. According to 
Levinthal's paradox [3], even a small protein would take thousands of years to 
fold since there are infinite numbers of possible conformational pathways 
available. Contrary to this, folding of a normal protein takes only few minutes. To 
solve this ambiguity, it has been proposed that random search of native 
conformation cannot be realistic and a folding code should exist. Existence of 
folding pathways has been suggested, on which protein molecule passes through 
well-defined partially structured intermediates. The development of 
physically/chemically accurate and computationally efficient folding models and 
techniques for quantitative comparison between theory, simulation and experiment 
is paramount [4-5]. 
A unified model of protein folding based on effective energy surface of the 
polypeptide chain for understanding the self organization of a protein, is termed 
'folding funnel model' and it describes folding process in terms of energy 
landscape and a folding funnel [6]. Protein folding is viewed to consist of 
progressive organization of ensembles of partially folded structures that arise 
through multiple routes. According to this new view, to fold a protein navigates 
with remarkable ease through a complicated landscape (figure 1.1). At the top of 
the funnel, there is a fight between maximization of entropy to keep the protein in 
random state and minimization of enthalpy trying to drag down the protein. The 
brim of the funnel, where both energy and entropy are maximum, is occupied by 
the unfolded protein. The native state with minimum energy and entropy occupies 
the apex of funnel while intermediate states lie intervening between the brim and 
apex of the funnel [7]. 
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Figure 1.1: Schematic two-dimensional presentation of the folding funneL Width of 
the funnel presents the entropy, depth represents the energy. Q is the fraction of native 
contacts for each collection of states [from reference 8J. 
Towards the bottom of the folding funnel, number of protein conformations 
decrease as does the chain entropy. The steeper the slope, the faster the folding. 
The downhill bias of the energy landscape is sufficient to drive random folding in 
a reasonable time period. Folding proceeds one amino acid at a time in no 
particular order through an unlimited continuum of undefined intermediates and 
paths [8]. 
One of the very attractive features of 'folding funnel' model is that it brings 
together many of the earlier conceptual models of folding. These models, 
described earlier, can now be often seen as special cases of a unified general 
mechanism of folding that describes behaviour of all protein molecules [9]. 
However, characterization of folding intermediate still remains issue of concern 
for solving protein folding problem. 
1.3. Protein folding intermediates 
A number of equilibrium and kinetic studies have led to structural characterization 
of folding/unfolding intermediates, which is a prerequisite to solve the folding 
problem. Partially folded states are characterized at equilibrium under mildly 
denaturing conditions, such as by altering pH, addition of salts and alcohols, 
chemical denaturants such as urea and guanidine hydrochloride or by changing 
temperature and pressure. Equilibrium intermediates characterized in different 
proteins were found to be related to kinetic folding intermediate transiently 
populated in early phase of folding reaction. This partially folded state was termed 
'molten globule' since it had globular shape with loosely collapsed hydrophobic 
core [10-11]. Molten globule is a compact intermediate with high content of 
native-like secondary structure but fluctuating tertiary structure. It contains 
accessible hydrophobic surfaces which bind a hydrophobic dye, 
anilinonaphthalene sulfonate (ANS). The absence of near UV circular dichroism 
spectrum shows that in this intermediate aromatic residues can rotate in a 
symmetrical environment. Submillisecond kinetic methods have improved 
resolution time of kinetic studies allowing detection of early events of folding. 
More recently, techniques such as hydrogen exchange NMR, solution X-ray 
scattering, protein engineering and site-directed mutagenesis have provided 
detailed picture of molten globules of many proteins [12]. The latest experimental 
techniques, which are used to characterize protein folding intermediates, have 
been described in Table 1.1. Also, theoretical approaches based on computer 
simulations to understand folding process have been developed [13-14]. The 
ultimate objective of such studies is to define complete energy landscape for the 
folding reaction and to understand in detail how this is defined by the sequence. 
Various studies have shown that molten globule (MG) state has heterogeneous 
structure in which one portion of molecule is more organized and native like while 
other portions being less organized. How much native-like structure is present 
depends on protein species and solution conditions and a remarkable diversity in 
molten-globule structure of different proteins has been observed. Thus, it will be 
useful to describe MG state and other partially folded states of different globular 
proteins so that we can see the features in common as well as differences among 
the different proteins. 
1.4. Protein Folding and Biotechnology 
An intense research is focused to understand the structural basis of protein folding 
and stability and mechanistic role of early folding intermediates. Finding a 
solution to protein folding problem has many practical applications. 
1.4.1 Predicting Structure of protein 
A thorough understanding of the physical principles that govern folding of 
globular proteins is required for rational efforts to predict the three-dimensional 
structure of proteins [15]. The methodologies used can be divided into three 
general strategies: Comparative Modelling, Fold recognition or threading and Ab-
initio methods. These methods involve the development of an energy function 
capable of identifying the most stable conformation of a protein and a scoring 
function for the evaluation of protein models. A number of methods are available 
to determine biological function of proteins and lead to identification of the roles 
and modes of action of gene products [16]. 
Table 1.1: Experimental Techniques Used to Monitor Protein Folding 
Techniques 
Protein Engineering 
Laser scattering 
Gel filtration chromatography 
DSC 
Fluorescence Spectroscopy 
a. Intrinsic 
b. Polarization and Anisotropy 
c.FRET 
d. Quenching 
e.REES 
f. Stopped flow 
g. Ligand binding 
Information about folding process 
Role of individual amino acid in stability 
Radius of gyration 
Radius of gyration 
Thermodynamics of folding process 
Environment and orientation of Trp 
Dynamics of fluorophore 
Distance betw e^en two point in a protein 
Accessibility and environment of fluorophore 
Difference between environment fluorophore 
Time scale of fluorescence changes 
Formation of native structure at active site 
Circular Dichroism (CD) 
a. Far-UV 
b. Near-UV 
c. Stopped Flow 
Hydrogen Exchange 
a. Native state exchange 
b.NMR 
Real time NMR 
Dynamic NMR 
Laser temperature Jump 
Secondary structure 
Tertiary structure 
Time for secondary and tertiary structure 
formation 
Detection of metastable state 
Rate of formation of backbone hydrogen bonds 
and protection from exchange of amino acid side 
chains 
Environment of protein side chain 
Detect equilibrium species 
Trigger folding / unfolding at nano seconds 
1.4.2. Solving protein aggregation problem 
Protein aggregation in vivo is a widespread phenomenon that arises from early 
folding intermediates through kinetic competition between proper folding and 
misfolding. Wide range of human diseases results due to incorrect folding of 
proteins, thereby leading to deposition of aggregates or plaques [17-18]. A list of 
some human diseases is presented in Table 1.2 that have been found to be a 
ramification of altered protein conformations. Possible treatment of these diseases 
could exploit detailed knowledge of protein folding and the prevention of 
abnormal folding. 
Aggregation commonly occurs when recombinant proteins are overexpressed in 
foreign hosts, where inclusion bodies form due to high concentration of proteins. 
For many biotechnological and pharmaceutical industries, this problem is crucial 
and requires immediate development of strategies to prevent it. 
1.4.3. De novo designing 
Important field of research dependent upon our understanding of protein folding is 
de novo protein designing for constructing completely new proteins with 
determined function. Grado et a/ [19] have reviewed the different methods for de 
novo protein design, which usually consist of choosing a function of protein 
followed by searching a protein scaffold capable of supporting the reactive groups 
in desired geometry. It is then necessary to determine an amino acid sequence able 
to fold into an adequate and stable three-dimensional structure, done by either 
exploring genetic methods or by combinatorial and computational algorithms. 
Success in functionally-active designed polypeptide has been obtained in the field 
of catalysis, metal ion and heme binding, and introduction of cofactors. A 14-
residue polypeptide that forms a bundle like structure catalyzes the 
decarboxylation of oxaloacetate with a low catalytic activity, a cysteine residue 
acting as nucleophile. Designed four-helix bundles formed from 42-residue 
polypeptides in which histidine residues have been introduced have accomplished 
hydrolysis and transesterification reaction of para-nitrophenyl esters. The 
successful design of a four-helix bundle protein that binds four heme groups with 
high affinity has been reported. It is clear that de novo protein design represents a 
growing field of research that will be useful both in testing the principles of 
protein folding and in offering the perspectives to design new proteins with 
practical applications for pharmaceuticals and diagnostics. 
Table 1.2: Some 
Diseases 
Crueltzfeldt-j acob 
Alzheimer's 
Cystic fibrosis 
Cancer 
Familial amyloid 
polyneuropathy 
Parkinson 
Huntington's 
Familial visceral 
amyloidosis 
Cataract 
Marfan syndrome 
Scurvy 
Osteigenesis imperfecta 
Amyotropic Lateral 
sclerosis 
Finish type Familial 
amyloidosis 
Kelanddic cerebral 
angiopathy 
Type II diabetes 
protein misfolding diseases 
Protein involved 
Prion protein 
Beta-amyloid 
CFTR 
Protein 53 (transcription factor) 
Apolipoprotein 
Alpha-synuclein 
Huntington 
Lysozyme 
Crystallins 
Fibrillin 
Collagen 
Type 1 procollagen 
Superoxide Dismutase 
Gesolin 
Cystatin C 
Islet amyloid Polypeptide 
Cause 
Toxic folding/aggregation 
Toxic folding/aggregation 
Misfolding 
Misfolding 
Aggregation 
Amyloid fibril formation 
Amyloid fibril formation 
Aggregation 
Aggregation 
Misfolding 
Misfolding 
Misassambly 
Misfolding 
Amyloid fibril formation 
Amyloid fibril formation 
Amyloid fibril formation 
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2.1. MATERIALS 
2.1.1. Proteins 
Concanavalin A, Succinyl Con A, Lipase from Mucor miehei and wheat germ, 
Stem bromelain, papain and ciiymopapain were purchased from Sigma Chemical 
Co., St. Louis, USA. 
2.1.2. Reagents used in unfolding/refolding studies 
2,2,2-trifluoroethanol (TFE), 1,1,1,3,3,3-hexafluoroisopropanol (HFIP), Ultra pure 
urea, guanidine hydrochloride were obtained from Sigma Chemical Co., St. Louis, 
USA. Poly(ethylene glycol)s of molecular weight 400, 6,000, and 20,000 were 
purchased from Sisco Research Laboratory, Mumbai, India. 
2.1.3. Miscellaneous 
Dialysis tubings of 1-inch width were obtained from Sigma Chemical Co, MO, 
and USA. Whatmann filter papers (No. 1) were product of Whatman International 
Ltd, Maidstone, England. Parafilm 'M' was obtained from American Can 
Company, CT, USA. 
Z-L-Lys-ONp hydrochloride (thiol protease substrate), BCA (Bicinchoninic acid) 
kit, l-anilinonaphthalene-8-sulfonate (ANS), N-acetyl-L-tryptophanamide, 2-
mercapoethanol, iodoacetamide and glycine were obtained from Sigma Chemical 
Co., St. Louis, USA. Sodium dihydrogen phosphate, disodium hydrogen 
phosphate, sodium hydroxide, hydrochloric acid, sulphuric acid, sodium acetate, 
cysteine hydrochloride and acetic acid were obtained from Qualigens Fine 
Chemicals, Mumbai, India. 
All glass-distilled water was used throughout these studies. All the experiments 
were performed at room temperature unless otherwise stated. 
2.2. METHODS 
2.2.1. pH measurements 
pH measurements were carried out on an Elico digital pH meter, model LI 610 
using a PPC's combined electrode, type CL-51 consisting of glass and reference 
electrodes in a single entity. The least count of the pH meter was 0.01 pH unit. 
The pH meter was routinely calibrated at room temperature with either 005 M 
potassium hydrogen phthalate buffer, pH 4-0 in the acidic range or 00IM 
tetraborate buffer, pH 9-2 in the alkaline range. 
2.2.2. Concentration determination 
Protein concentration was determined from the value of specific extinction 
coefficient (E'°''°icm ^ 12-3 for Con A and Succinyl Con A, 250 for papain, 20-1 for 
bromelain and 18-2 for chymopapain) by measuring the absorbance of protein 
solutions at 280nm on a Hitachi spectrophotometer, model U- 1500 or aUemately 
by BCA kit. 
2.2.3. Circular Dichroism (CD) measurements 
CD measurements were carried out with a Jasco spectropolarimeter, model J-720 
equipped with a microcomputer. The instrument was calibrated with d-10-
camphorsulphonic acid. All the CD measurements were made at 25°C with a 
thermostatically controlled cell holder attached to Neslab's RTE - 110 water bath 
with an accuracy of ± 01°C. Spectra were collected with scan speed of 20 nm/min 
and response time of 1 sec. Each spectrum was the average of 3-4 scans. Far and 
near UV CD spectra were obtained with 1 mm and 10 mm path length cells 
respectively. 
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The results were expressed as MRE (Mean Residue EUipticity) in deg. cm . dmol' 
which is defined as 
MRE = eobs/(10 X n X1 X Cp) 
where Gobs is the CD in miUi-degree, n is the number of amino acid residues, 1 is 
the path length of the cell and Cp is mole fraction. Helical content was calculated 
from the MRE values at 222 nm using the following equation as described by 
Chenetal. [20]: 
%a-helix = (MRE222nm-2340/30300)X 100 
2.2.4. Fluorescence Measurements 
2.2.4.1. Intrinsic fluorescence: Fluorescence measurements were performed on 
Shimadzu spectrofluorimeter, model RF-540 equipped with a data recorder DR-3. 
The fluorescence spectra were measured at 25 ± 01° C with a 1 cm pathlength 
cell. The excitation and emission slits were set at 5 and 10 nm respectively. 
Intrinsic fluorescence was measured by exciting the protein solution at 280 or 295 
nm and emission spectra was recorded in the range of 300^00 nm. 
2.2.4.2. Extrinsic fluorescence: A stock solution of ANS was prepared in 
distilled water and its concentration was determined using an extinction coefficient 
of EM = 5000 M'^ cm"^  at 350 nm. For ANS fluorescence in the ANS binding 
experiments, the excitation was set at 380 nm and the emission spectra were taken 
in the range of 400-600 nm. 
2.2.5. Acrylamide Quenching Experiments 
Aliquots of 5 M acrylamide stock solution were added to the protein solution (0 1 
mg/ml) to achieve the desired range of quencher concentration (OT-0-5 M). To 
excite the tryptophan residues only, excitation wavelength was set at 295 nm and 
the emission spectra were recorded in the range of 300-400 nm. Quenching 
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experiment on NAT A, tryptophan analogue, was also done. Its concentration was 
determined using an extinction coefficient of EM= 5690 M"'cm'' at 280 nm. 
The data was analyzed according to Stem-Volmer equation [21]: 
Fo/F=l+K,v[Q] 
Where Fo and F are the fluorescence intensities at 340 nm in the absence and 
presence of quencher, respectively; Kgv is the Stem-Volmer constant and [Q] is the 
molar concentration of the quencher. 
2.2.6. Unfolding studies on lipases 
2.2.6.1. pH-induced unfolding of lipase 
Mucor miehei lipase experiments were carried out in 10 mM of the following 
buffers: pH 1 •0-2-8 Glycine HCl buffer, pH 3-0-5-0 Sodium acetate buffer, pH 60-
7-0 Sodium phosphate buffer. 6 M GdnHCl solution was prepared in 10 mM 
sodium phosphate buffer, pH 7 0. 
Experiments on wheat germ lipase were carried out in 20 mM of the following 
buffers: pH 0-6-1-6 KCl-HCl buffer, pH 1-8-30 Glycine HCl buffer, pH 3-5-50 
Sodium acetate buffer, pH 6-0-8-0 Sodium phosphate buffer, pH 9-0-12-0 Glycine 
NaOH buffer. 
Lipase was incubated for 12 hours at desired pH before spectroscopic 
measurements were recorded. 
2.2.6.2. Lipase activity 
Enzyme assays were done at room temperature in 50 mM tris-HCl buffer (pH 70) 
using p-nitrophenyl butyrate as the substrate. A fresh stock of substrate (50 mM) 
was prepared in acetonitrile and was used at concentration of 1 mM in 1 ml of 
reaction mixture. Upon hydrolysis by lipase, p-nitrophenyl butyrate is converted to 
yellow colored compound that can be read at 405 nm in UV-visible 
spectrophotometer. 
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Protein was incubated at respective pH overnight before activity measurement. 
The concentration was kept at 0-6 mg/ml in assay mixture. Background hydrolyses 
of the substrate i.e. in the absence of enzyme, were measured and used for 
correcting the hydrolysis rates obtained with enzymes. Absorbance at 405 nm was 
measured over a period of 2 minutes and enzyme activity was reported as 
difference in the observed absorbance value (in arbitrary units). 
2.2.6.3. Guanidine hydrochloride induced denaturation 
Equilibrium denaturation of wheat germ lipase in presence of GdnHCl (in 20 mM 
Sodium-phosphate buffer of pH 70 and KCl-HCl buffer of pH 0-8) was studied by 
far UV-CD and intrinsic fluorescence. Stock solution of 8 M GdnHCl was 
prepared in respective buffer. Increasing amounts of stock GdnHCl solution was 
added to fixed concentration of protein (0-2 mg/ml for far UV-CD and 0-1 mg/ml 
for intrinsic fluorescence measurements) so as to get the desired concentrations of 
GdnHCl in the range 0-6 M. The protein in different concentrations of GdnHCl 
was allowed to equilibrate for 24 hours. To check the reversibility of denaturation, 
protein was incubated in GdnHCl for 12 hours, followed by dilution with 
respective buffer upto desired concentration of GdnHCl. After incubation of 12 
hours, samples were read by far UV-CD and fluorescence. 
Data analysis: Data were expressed in terms of fraction unfolded (F )^ calculated 
from equation: 
Fd = [(Y-Y„)/ (Yd-Y„)] 
Where Y is observed variable parameter and Yn and Yj are the values of variables 
characteristic of folded and unfolded conformations. 
2.2.6.4. Thermal denaturation transition 
For thermal-transition studies, a water-jacketed 1mm pathlength cell was used for 
far-UV CD attached to the RTE-110 waterbath interfaced with a microcomputer. 
A protein concentration of 0-2 mg/ml was used. The protein solution was 
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incubated for 5 minutes at desired temperature (in the range 25-90 °C) before CD 
measurements. The reversibility of thermal scans was monitored by the return of 
CD spectrum after cooling from 90°C to 25°C. The data was plotted in terms of 
Fraction denatured (Fj) as described above. 
2.2.7. Stability studies on Thiol Proteases 
2.2.7.1. Assay for Protease Activity 
Enzyme assays were done at room temperature in lOmM Sodium acetate buffer 
(pH 4-5), containing 1 mM EDTA and 5 mM Cysteine-HCI, using Z-L-Lys-ONp 
hydrochloride as the substrate. A freshly made stock solution (5 mM) of the 
substrate in DMSO was added to 3 ml buffer so that final concentration of the 
substrate was 80 jiiM in the reaction mix. Protein concentration of 30 |xg/ml was 
used for the activity assay. Protein concentration was determined 
spectrophotometrically using E "^"^icm of 250 for papain, 20-1 for bromelain and 
18-2 for chymopapain. 
Upon hydrolysis by proteases, Z-L-Lys-ONp hydrochloride is converted to yellow 
colored compound that can be read at 326 nm in UV-visible spectrophotometer. 
Background hydrolyses of the substrate i.e. in the absence of enzymes, were 
measured and used for correcting the hydrolysis rates obtained with enzymes. 
Enzyme solutions (enzyme + 10% w/v PEG- 20000, 6000 and 400) were 
incubated at different temperatures for 5 minutes before activity measurements 
were done. Protease activity was measured as rate of change in absorbance of the 
reaction mix at 326 nm. 
2.2.7.2. Incubation of papain in PEGs 
To study the effect of PEGs on the conformation of papain at pH 4-5, different 
volumes of concentrated PEGs (% w/v) were added to the protein solution taken in 
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different volumes of the buffer (in 10 mM Sodium acetate buffer, pH 4-5), so as to 
get the desired concentration of the PEGs. The final volume in each tube was 10 
ml. All the spectroscopic measurements were made after half an hour of 
incubation at room temperature. 
2.2.7.3. ThermalDenaturationstudies 
For thermal-transition studies, a water-jacketed 1mm pathlength cell was used for 
far-UV CD attached to the RTE-UO waterbath interfaced with a microcomputer. 
Protein concentration of 0-5 mg/ml was used. The protein solution was incubated 
for 3 minutes at desired temperature before CD measurements. The data was 
plotted in terms of Fraction denatured (Fj) as described above. 
2.2.8. Unfolding studies on Succinyl Con A 
2.2.8.1. TFE and HFIP induced denaturation of Con A and Succinyl Con A 
To study the effect of fluoroalcohols on the concentration of Succinyl Con A in 10 
mM sodium-acetate buffer at pH 5 0, different volumes of concentrated alcohols 
(% v/v) were added to the protein solution taken in different volumes of the buffer 
so as to get the desired concentration of the alcohols. The final volume in each 
tube was 1-0 ml. All the spectroscopic measurements were made after 12 hours of 
incubation at room temperature. 
2.2.8.2. Aggregation studies 
To measure the level of aggregation in protein samples (at different fluoroalcohol 
concentration) turbidity at 350 nm was monitored, either by spectrophotometer or 
by fluorimeter by exciting the samples at 350 nm. No absorbing species are 
present at this wavelength, so that scattering from the aggregating protein particles 
attenuates the light beam. To measure the dependence of temperature-induced 
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aggregation of Con A and Succinyl Con A on protein concentration and pH, the 
protein was heated for 5 min in a water bath at various temperatures (25-96°C) and 
Optical Density (OD) at 350 nm was monitored. 
2.2.8.3. Urea and GnHCl induced unfolding and refolding of Succinyl Con A 
To study the effect of denaturants on Succinyl Con A (in 10 mM sodium acetate 
buffer, pH 5-0), different volumes of stock GdnHCl solution (8 M) or Urea (10 M) 
were added to the protein solution taken in different volumes of the buffer so as to 
get the desired concentration of the denaturants. The final volume in each tube was 
1-0 ml. All the spectroscopic measurements (CD and fluorescence) were made 
after 24 hours of incubation at room temperature. Data was plotted in terms of 
fraction native (Fn), related to F^by the following relation: 
Fn=l-Fd 
For refolding studies, protein was incubated with increasing concentration of 
GdnHCl and urea for 12 hours and was then diluted with pH 5 0 buffer upto 
required denaturant concentration. CD and fluorescence measurements were 
performed on the samples after 12 hours of incubation. 
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Lipases in Biotechnology 
Lipases are attracting enormous attention because of their varied biotechnological 
applications [22]. Tremendous interest among scientists and industrialists has been 
stirred up due to chemo-, regio- and enantio-specific behaviour of these enzymes 
[23]. Lipases are considered third largest group of enzymes (following proteases 
and carbohydrases) based on total sales volume and hence the commercial use of 
lipases is a billion dollar business. Lipases are valued biocatalysts since they 
function under mild conditions, have broad substrate specificity, usually show 
high regio- and stereo-selectivity and are highly stable in organic solvents [24]. 
Lipases have been used in a number of biotechnologically important industries. 
Lipases in dairy and bakery industry: 
Lipases are used for flavor enhancement of cheeses; lipolysis of butterfat and 
cream; synthesis of cheese like products; preparation of enzyme modified cheeses; 
production of creamy flavor in coffee whiteners and buttery texture of toffees and 
caramel; synthesis of flavor ingredients such as acetoacetate, methyl ketones, 
flavor esters, lactones etc. [25]. Number of lipase preparations available are: 
Mucor miehei (Piccanate, Gist-Brocades, Palatase M, Novo Nordisk), Aspergillus 
niger and Aspergillus oryzae (Palatase A, Novo Nordisk, Lipase AP, amino. 
Flavour AGE), Candida antarctica (CAL-B), Pencillium roqueforti, Candida 
utilis and several others. 
Lipases from A. niger, Candida cylindracea, Rhizopus oryzae etc. are used in 
bakery to extend shelf-life of breads, increase loaf volume and improve crumb 
structure, to enhance and control non-enzymatic browning [26]. Bio-Cat Inc. 
Enzyme industry, Troy and Millbo S.p.a. manufacture and supply enzymes for 
effective use in bakery products. 
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Lipases in fat and oleochemical industry: 
Apart from hydrolyzing carboxylic ester bonds (as in triglycerides), lipases can 
catalyze esteriflcation, interesteriflcation and transesterification reactions in non-
aqueous media. These are used to convert cheaper oils such as palm mid-fraction 
into cocoa butter, production of human milk fat substitute 'betapol', 
pharmaceutically important polyunsaturated fatty acid, designer fats or structured 
lipids and production of biodiesel from vegetable oils [27]. 
Mucor miehei (IM 20) and Candida antarctica (SP 382) lipases have been used 
for transesterification of fatty acid methyl esters in hexane with isopropylidene 
glycerols [28]. Mucor IME is used for interesteriflcation of cheap oil into cocoa 
butter equivalents that is used in food and confectionery industries. Lipozyme 
(immobilized Mucor miehei lipase) has been used to catalyze glycerolysis of 
melted tallow [29] to synthesize monoglycerides (used as food additives) and also 
for production of PUFA from vegetable oils. Candida cylindracea lipase is used 
for production of soaps. 
Lipases are used as biocatalysts in the production of biodegradable compounds 
such as 1-butyl oleate (used to decrease viscosity of biodiesel), trimethylol 
propane esters (used as lubricant), aromatic polyesters etc, because of the ability to 
catalyze ester synthesis and transesterification [30]. 
Lipases in Detergent industry: 
Detergents used in household and industrial laundry and dishwashers usually 
contain enzymes such as proteases, amylases and lipases; to improve detergency. 
Enzymes can reduce environmental load of detergent products since they are 
biodegradable, reduce chemical content of detergents, enable lower wash 
temperature to be used, have no negative impact on sewage treatment and do not 
risk aquatic life [31]. Novo Nordisk introduced first commercial enzyme Lipolase 
containing Thermomyces lanuginosus. Later Lumafast from Pseudomonas 
mendocina and Lipomax from Pseudomonas alcaligenes were used [32]. Lipases 
from Candida, Chromobacterium and Acinetobacter radioresistens are also used 
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in detergents. Lipases active in alkaline medium are generally used in detergents 
and great deal of research is done to develop such fat stain removers [33]. Lipase 
(Patent #6, 265, 191, issued 07/2 4/2001) immobilized on surface is used to form 
fabric-lipase complex for easy oil stain removal. The sorbed lipase shows 
prolonged activity and enhanced stability to denaturation by surfactants and to 
heat inactivation [34]. 
Lipases in textile industry: 
Lipases are used to provide a fabric with greater absorbancy, to assist in removal 
of size lubricants, reduce frequency of streaks and cracks in denim abrasion 
systems, jeans stone washing and biopolishing of the knitted goods [35]. 
Synthetic fibers of polyester are modified enzymatically; for the use in production 
of yams, fabrics, textiles, rugs etc.; in order to improve its texture and strength, 
stretch and stain resistance, machine washability, ability to uptake chemical 
compounds, fabric finishing components, antimicrobial compounds, etc. PCX 
Publication No. WO 97/43014 (Bayer AG), JP 5344897 A (Amano 
Pharmaceutical KK), PCX Publication No. 97/33001 (Genencor International Inc.) 
describe commercial enzymatic methods to improve quality of polyester fabric 
[36]. 
Lipases in pharmaceutical industry: 
Chirality is key factor in efficacy of many drugs. Lipases are used tremendously to 
resolve racemic mixture through enantioselective hydrolysis or esterification and 
to synthesize chiral building blocks for pharmaceuticals, agrochemicals etc. [37]. 
Lipase from C. cylindracea has been used for production of baclofen used in pain 
therapy as muscle relaxant. C. antarctica lipase (Novozyme R435) is used for 
resolution of flurbiprofen, a non-steroidal anti-inflammatory drugs (NSAIDs) used 
to treat the inflammation and pain of arthritis, for treatment of prostate cancer and 
Alzheimer's disease. Anticholesterol drug BMS-188494 is prepared using lipase 
from G. candidum [25]. 15-deoxyspergualin 23- an immunosuppressive agent and 
antitumor antibiotic and 2-pentanol for synthesis of Anti-Alzheimers drugs have 
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been developed using lipase B from C antarctica. Lipases have been applied in 
regioselective modification of castanospermine for treatment of AIDS. The 
usefulness of lipases, in preparation of chemical synthons, hydrolysis of epoxy 
alcohol esters, regioselective modifications of polyfunctional organic compounds, 
is well recognized [32]. Lipases are used by many pharmaceutical companies on 
kilogram scale. 
Lipases in Biosensors: 
Biosensor based on lipases immobilized on pH/oxygen electrodes can be used in 
determination of triglycerides and cholesterol in blood. Disposable enzyme based 
immunosensor has been developed that employs polymer-degrading lipase as an 
enzyme label [38]. One possible approach towards the development of biosensors 
is by using the modified metal surfaces and engineering (functionalizing) the 
monolayer for effective interaction with the target molecules by using the inherent 
selectivity of biomolecules such as enzymes and antibodies. The interaction of the 
monolayer with the target molecule can be monitored by fluorescence or changes 
in electrical conductivity or refractive index. Adsorption of lipases on 
nanoparticles (gold, silver) and immobilization of quantum dots on atomically flat 
surfaces have been done for enhancing their catalytical properties. Fungal lipases 
are also used in enzyme-labelled probes for detection of complementary nucleic 
acids by specific hybridization, to avoid the use of hazardous radiolabelled probes. 
Lipases in tea processing: 
During the manufacturing process of black tea, enzymatic breakdown of 
membrane lipids is responsible for formation of flavor volatile products with 
characteristic flavor properties. Quality of black tea is dependent upon 
dehydration, mechanical breaking and enzymatic fermentation. Lipase from 
Rhizomucor miehei is used to enhance the production of flavor compounds in tea 
processing [39]. 
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Lipases in cosmetic technology: 
Immobilized lipase from R. miehei is used for production of 2-
ethylhexylpalmitate, isopropyl myristate, isopropyl palmitate to be used as 
emollient in personal care products such as skin and sun-tan creams bath oils etc. 
Wax-esters are manufactured using C. cylindracea lipase [32]. Lipases are also 
used in hair-waving preparations and as components of anti-obese creams. 
Retinoids, to be used in skin-care products, are prepared using immobilized lipases 
[40]. 
Lipases as medicines: 
Lipases from plants are used as digestive aid such as in supplements Similase, 
Vitaline Herbal formulas, Digestive plant enzymes, All-vita North West etc [41]. 
Lipases are activators of tumor necrosis factor and can be used in treatment of 
malignant tumors. Lipases are also used as therapeutics in gastrointestinal 
disturbances, dyspepsias, cutaneous manifestation of allergies etc. Candida rugosa 
lipase has been used to synthesize lovastatin, a drug that controls blood cholesterol 
levels. Lipases and esterases from wax moth are used for their antibacterial effects 
on Mycobacterium tuberculosis [42]. Use of lipases in skin inflammation remedies 
is also reported. 
Lipases as diagnostic tools: 
Lipases act as drug targets or marker enzymes and can be used in diagnosis of 
certain infections or diseases. Level of lipases in blood serum can be used for 
detecting acute pancreatitis, exocrine pancreatic insufficiency and pancreas injury 
[43]. Determination of lipases is used as virulence markers in infections by 
Aeromonas bacteria (drinking water pathogen), Propionibacterium acnes, 
Corynebacterium acnes (related to skin diseases), Pseudomonas aeruginosa 
(isolated from cancer patients). Vibrio cholerae etc. [44-46]. 
Lipases in paper and pulp industry: 
Microbial enzymes have been used in paper and pulp industry that processes huge 
quantity of biomass. Lipases are used in enzymatic pitch control method in paper 
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making process [47]. Lipase from Pseudomonas species (KWI-56) is added for 
wastepaper deinking process to increase whiteness of paper, reduce residual ink 
spots. Use of enzymes also decreases chemical usage, reduces pollution level of 
water, prolongs equipment life, saves energy and time and also reduces composite 
cost. 
Lipases in production ofbiofuels: 
Use of modified vegetable oils as biodiesel fuel has been proposed as an 
ahemative to conventional petroleum, keeping in view its limited availability and 
associated environmental concerns. Alkyl esters (biodiesel) have been produced 
from lauric oils, palm kernel oil and coconut oil by transesterification using PS30 
lipase as catalyst. Thermomyces lanuginose and C. antarctica lipases have been 
used for transformation of restaurant grease [48]. Immobilized Pseudomonas 
cepacia lipase was used for transesterification of soybean oil with methanol and 
ethanol [49]. Fatty acid ethyl esters were produced from castor oil using 
Novozyme 435 and Lipozyme IM. Transesterification of crude soybean oil for 
biodiesel production in solvent-free medium has been catalysed by Novozyme 435 
[50]. 
Lipases in oil degradation: 
Monitoring of soil microbial lipase activity is a valuable indicator of diesel 
biodegradation [51]. Fungal lipases can be used to degrade oil spills in coastal 
environment and for oil processing in industries. Different genotypes used for 
degradation of n-alkanes are Pseudomonas putida GPol alkB, Rhodococcus 
alkBl, Acinetobacter alkM; for aromatic hydrocarbons are P. putida xylE; and for 
polycyclic aromatic hydrocarbons are P. putida ndoB, Mycobacterium sp. PYR-1 
nidA [52]. Hydrolytic enzymes are also used for biological purification of 
lubricant-contaminated wastewater from electric power station. 
Lipases in Sewage and waste treatment: 
Lipases, along with other hydrolases, are involved in degradation and recycling of 
sewage sludge and other waste treatment for hydrolyzing particulate organic 
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matter. Thin layer of fat deposited on surface of tank must be removed to maintain 
living environment for biomass and can be digested with lipases, such as from 
Candida rugosa. Prevention of fat blockage or filming and solids clearing can be 
done in treatment of effluents from industrial wastes, holding tanks, septic tanks, 
household sludge etc. Pseudomonas aeruginosa LP602 cells and lipase were 
shown to be effective in wastewater treatment plants [53]. Lipase from 
Pseudomonas cepacia can be used for catalyzing methanolysis and ethanolysis of 
grease for its removal [54]. Pancreatic lipase and bacterial lipase LG-1000 appear 
to be useful in hydrolyzing fat particles in slaughterhouse wastewater treatment 
[55]. 
Lipases in Leather industry: 
Animal skins used in leather manufacturing industries have to be treated for 
removing hair and fat deposits. Conventional methods for degreasing involve the 
use of chemicals and surfactants, which are polluting and unpleasant. The use of 
enzymes such as proteases and lipases is therefore more beneficial. Lipases are 
used for skin and hide degreasing, resulting in production of higher-quality end-
products. Rhizopus nodosus lipase can be used for treatment of suede clothing 
leathers from wooled sheep skins. Lipases active in alkaline as well as acidic pH 
range are useful in leather industry. Alkaline stable lipases are encouraged for 
degradation of fat cell membranes and sebaceous gland components. 
Palkodegrease is a lipase used for degreasing in neutral to alkaline pH conditions. 
Acid-active lipases, such as Palkodegrease AL, can be used to treat skins stored in 
pickled state [56]. Main advantages of using lipases are cleaner appearance and 
more uniform color of the product. Lipases improve production of hydrophobic 
leather and reduce fogging in leather production. Some of the commercial 
products available are: NovoCor ABL and NovoCor ADL, combination of acid 
lipase and acid protease for bating of fur and wool; NovoCor AD for degreasing of 
hides and skins and NovoLime for liming of skins [57]. 
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Lipases and Protein folding 
Lipases are versatile biocatalysts that bring about a range of bioconversions of 
lipids such as hydrolysis, transesterification, alcoholysis, acidolysis and 
aminolysis. They also exhibit cutinase and amidase activities. Biotechnological 
versatility, high regio-/ enantioselectivity and tremendous potential of these 
enzymes have been harnessed in many industrial applications and present a 
fascinating field of future research [58]. Despite innumerable applications, studies 
on structure and mechanism of production of microbial lipases are scarce. 
Understanding structure-function relationships will enable researchers to tailor 
new lipases for biotechnological applications. High level production of microbial 
lipases requires not only the efficient overexpression of corresponding genes but 
also a detailed understanding of molecular mechanisms governing their folding. 
As discussed already, a prerequisite to understand the folding pathway of a 
particular protein is to characterize the partially-folded intermediates and molten 
globule states. However, very few attempts to characterize the folding 
intermediates of lipases have been made. Guanidine hydrochloride-induced 
denaturation of Pseudomonas cepacia lipase (PCL) was studied at pH 7 and an 
intermediate denatured-state was located [59]. An intermediate populated in 1-75 
M guanidine hydrochloride has been characterized in lipase from Bacillus subtilis 
[60], The refolding pathway of lipoprotein lipase (LPL) followed two steps: first 
step was rapid and resulted in formation of an inactive monomer with a 
completely folded C-terminal domain, whereas the N-terminal domain was in the 
9+ 
molten globule state. The second step was promoted by Ca and converted LPL 
monomers from the molten globule state to dimerization-competent and more 
tightly folded monomers that rapidly formed active LPL dimers [61]. 
Our lab is involved in characterization of folding intermediates of a number of 
proteins [62-64]. We have studied equilibrium denaturation of lipases in our lab, 
with the aim of understanding the protein folding pathway and characterization of 
folding intermediates. Studies on the acid-induced denaturation of Mucor miehei 
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lipase (E.G. 3.1.1.3) were performed by circular dichroism (CD) spectroscopy, 
fluorescence emission spectroscopy and binding of hydrophobic dye, 1-anilino 8-
naphthalenesulfonic acid (ANS). Results show that the lipase exists as an acid-
unfolded state approximately pH 20 and at pH 10 exhibits characteristics of 
molten globule, such as enhanced binding of hydrophobic dye (ANS), native-like 
secondary structure and slightly altered tryptophanyl environments. That the 
molten globule of the lipase at pH 1-0 also possesses native-like tertiary structure 
is an interesting observation made for this lipase [65]. Further we have studied 
acid-denaturation of Wheat Germ lipase and have characterized several 
intermediates, including a molten globule state at pH 1-4 and a unique 
intermediate at pH 0-8 with more stable structure than native state. Our work is the 
first report on characterization of folding intermediates of these lipases. 
3.1. Acid-induced unfolding of Mucor miehei lipase 
Mucor miehei triacylglycerol lipase, in general terms, falls into category of 
parallel a/p hydrolase as defined by Richardson [66]. Three-dimensional structure 
of this lipase has been solved at 1-9 A° [67]. A single polypeptide chain of 269 
residues is folded into a central mixed beta-pleated sheet with predominantly 
parallel (8 major + 1 additional) strands connected by a variety of hairpins, loops 
and helical segments. The protein also contains 5 alpha helices [68]. In total, out 
of 130 amino acid residues 48-3% occur in sheets or helices with remaining 51-7% 
residues located in beta-hairpins and longer surface loops. The catalytic center of 
M miehei lipase is formed by Ser-144, Asp-203 and His-257. In native and 
inactive form of the enzyme, the catalytic site is shielded from the solvent by an 
amphipathic alpha-helix (residues 82-96) also called a lid or flap. Three disulfide 
bridges stabilize the folding of the polypeptide chain: Cys40-Cys43, Cys29-
Cys268 and Cys235- Cys244. We were interested in knowing the behaviour of 
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lipase in different acidic conditions and wanted to test whether a folding 
intermediate/molten globule is formed under these conditions. 
3.1.1. Far-UV circular dichroism (CD) 
As shown in figure 3.1 A, effect of acid denaturation on conformation of 
polypeptide backbone of lipase was monitored by ellipticity measurements in far-
UV region at 222 nm. The MRE value at 222 rmi showed no significant change 
between pH 7-0 and pH 3-5, but when pH was decreased below 3-5, MRE222 
decreased markedly to a minimum value at pH 2-0. Further decrease in pH below 
20 resulted in second transition corresponding to the formation of secondary 
structure and the MRE value approached nearly to that of the native lipase. Figure 
3. IB shows the far UV-CD spectra of the lipase in the native state (curve 1), acid-
unfolded state (curve 2), acid-induced state (curve 3) and denatured state in 
presence of 6 M GdnHCl (curve 4). The lipase at pH 70 (native state) revealed 
negative peak at 210 nm, suggesting that protein has significant amount of alpha 
helical content. At pH 20, it exhibited a negative peak at 218 nm with significant 
decrease in ellipticity value at 222 nm. On the other hand, a shift in negative peak 
from 218 nm to 212 nm was noted as pH was lowered from 20 to 10 indicating 
the regain of spectral feature of the native enzyme. 
The lipase in the presence of 6M GdnHCl lost all the elements of secondary 
structure as can be seen from the figure 3.IB. 
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Figure 3.1: (A) Effect of decreasing pH on MRE at 222 nm of Mucor miehei lipase. 
(B) Far UV-CD spectrum of lipase at pH 7-0 (curve 1), acid-unfolded state at pH 2-0 
(curve 2), acid-induced state at pH I'O (curve 3) and denatured state at 6 M GdnHCl 
(curve 4). 
3.1.2. Trypiophanylfluorescence 
Fluorescence spectroscopy of the tryptophan residues of the protein is a very 
sensitive probe in detecting protein molecular conformational changes. Since the 
position of the wavelength maximum (Xmax) of emission spectrum depends on the 
properties of the environment of the tryptophanyl residues, small changes in the 
conformation of the protein give rise to fairly large changes in the fluorescence 
characteristics [69]. Mucor miehei lipase is a multitryptophan-containing protein. 
Four tryptophan residues at positions 38, 55, 88 and 223 are located in different 
regions of the protein and are accessible to the solvent [68]. Importantly, Trp-88 is 
incorporated within a short flexible segment of the lid. To examine the 
conformational changes around tryptophan residues in Mucor miehei lipase, 
excitation wavelength of 295 nm was used. The pH profile of the wavelength at 
emission maximum and Fluorescence Intensity (FI) at 348 nm are shown in 
figures 3.2A and 3.2B respectively. The pH profile was composed of two distinct 
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phases. The first transition was centered in the pH range 6-0-2-0 and was 
characterized by blue shift of X^ ax from 348 at pH 7-0 to 341 at pH 2-8. The second 
transition occured in the pH range 2-8-1 0 and was characterized by red shift of 5 
nm fi"om 341 at pH 2-8 to 346 at pH 10. As can be seen from the figure 3.2B, 
small increase of fluorescence intensity was observable during first transition and 
significant decrease in the second transition. The observed decrease in X^ ax might 
be due to movement of tryptophan residues to non-polar environment. These 
results also suggested that in the second transition tryptophan environment became 
more native-like. 
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Figure 3.2: (A) pH dependence of emission maxima of intrinsic tryptophan 
fluorescence. 
(B) Change in fluorescence Intensity at 348 nm with pH as monitored by intrinsic 
fluorescence by exciting the protein at 295 nm. 
3.1.3. Near UV circular dichroism (CD) 
The CD spectra in the near UV region were used to probe the alterations of tertiary 
structure in more detail. Figure 3.3A shows the acid-induced unfolding of M 
miehei lipase as monitored by the measurements of MRE at 293 nm. As can be 
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seen from the figure, there was significant increase in MRE values at 293 nm ft-om 
pH 60 to - 2 0 , fiirther decrease in pH leads to a decrease in the MRE and at pH 
1-0 MRE value approached nearly to that of native enzyme at pH 7-0. Figure 3.3B 
shows the near-UV CD spectra in the range 320 nm-250 nm for the native state 
(curve 1), the acid-unfolded state (curve 2) and acid-induced state at pH 1-0 (curve 
3). At pH 70 two maxima at 284 and 293 nm are observed. The main contribution 
to the ellipticity from tryptophanyl residues is obvious above 280nm [70]. As can 
be seen from the figure, in the acid-denatured state, there was an increase of signal 
in the 320-250nm range but the enzyme retained the two maxima at 284 and 293 
nm. Near UV-CD spectra of GdnHCl-denatured protein showed highly positive 
value (data not shown). Increase in the ellipticity (in the region between 280nm 
and 320nm) at pH 2-0 as compared to the native lipase, might be due to loss of 
tertiary structure. Interestingly, at pH 1-0 and pH 7-0, the near UV CD spectra 
almost overlap with each other showing almost equal amount of tertiary contacts. 
This indicated that lipase regained native-like tertiary structure at pH 10. 
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Figure 3.3: (A) pH induced changes in MRE value at 293 nm. 
(B) Near UV-CD spectra of lipase at pH 7-0 (curve 1), acid-unfolded state at pH 2-0 
(curve 2), acid-induced state at pH 1-0 (curve 3). 
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3.1.4. ANS binding 
Solvent exposure of hydrophobic surface in the lipase at low pH was studied by 1-
aniIino-8-naphthalene sulfonic acid (ANS) binding (figure 3.4 A&B). As can be 
seen from figure 3.4A, with a decrease in pH there was increase in ANS binding, 
maximum binding being at pH 10. Below pH 10, the protein aggregated so 
spectral properties could not be observed. There was low ANS binding at pH 70 
(figure 3.4B, curve 3) and in presence of 6 M GdnHCl (Figure 3.4B, curve 4), 
which indicated that lipase at low pH had enhanced solvent accessible clusters of 
hydrophobic regions, which were initially buried in the interior of native lipase at 
pH 70 and disrupted in GdnHCl-denatured state. Thus, retention of native-like 
secondary structure with significant amount of tertiary contacts along with 
maximum ANS binding at pH 10 (Figure 3.4B, curve 1) is indicative of the 
presence of a molten globule (MG) state at this pH. Spectral properties of different 
states of M miehei lipase are compared in Table 3.1. 
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Figure 3.4: (A) Change in fluorescence intensity at 480 nm with pH as monitored by 
extrinsic fluorescence by exciting the protein at 380 nm. 
(B) Fluorescence emission spectra of ANS bound to acid-induced MG state at pH 1-0 
(curve 1), acid-unfolded state atpH 2'0 (curve 2), native lipase atpH 7'0 (curve 3) and 
denatured state at6M GdnHCl (curve 4). 
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Table 3.1: Spectral features of conformational states of Mucormiehei 
lipase at low pH 
Properties 
MRE*222 
]V[RE*293 
F.I. (at348nm) 
X,max (nm) 
F.I. (at 480 nm) 
% a-helix 
Native state 
(atpH7-0) 
-7749 
73 
48 
348 
6 
33 
Acid-unfolded state 
(at pH 2-0) 
-3321 
116 
49 
344 
8 
18 
Molten-globule state 
(atpHl-0) 
-6300 
79 
41 
346 
20 
28 
MRE value in deg.cm .dmol" 
3.1.5. Acrylamide induced trypiophanyl quenching 
To confirm the microenvironment of the tryptophan residues, we compared the 
exposure of the tryptophan residues in the native state with that in the MG state at 
pH 1 0 and GdnHCl-denatured state by fluorescence quenching experiment, using 
uncharged molecules of acrylamide as described by Eftink and Ghiron (21). 
Figures 3.5A and 3.5B show the Stem-Volmer and modified Stem-Volmer plot of 
quenching of fluorescence by acrylamide in native state, MG state (pH 1 -0) and 
GdnHCl denatured state of the lipase. Table 3.2 shows the Stem-Volmer constant 
fitted to the linear part of the curve. Kjv for the native state (31) was found to be 
almost similar to that of the acid-unfolded state (3-2), but a blue shift in X^ ax from 
348 nm to 346 nm indicated that tryptophan residues in acid-unfolded state moved 
to hydrophobic region of less polarity as pH was reduced from 7-0 to 1-0. The Kjv 
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value for the GdnHCl-denatured state was significantly higher than those for 
native and acid-unfolded state suggesting that tryptophan residues even in the 
native state were internal. 
The data was also analyzed according to modified Stem-Volmer equation (figure 
3.5B) Fraction accessible to quencher (fa) was found to be lower in case of MG 
state (0-872) than of native state (1-28). This data was also consistent with the blue 
shift observed in intrinsic fluorescence. Shift of tryptophan residues to the 
hydrophobic region of the protein made it less accessible to the solvent and hence 
to the quencher. Higher value of fg for guanidine-treated protein was observed 
since tryptophan residues might be ftxlly exposed due to denaturation of the 
protein. 
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Figure 3.5: (A) Stern Volmer plot of acrylamide quenching. Lipase at pH 7-0 (-0-), 
MG state atpH 10 (-A-) and denatured state at6M GdnHCl (-•-). 
(B) Modified Stern-Volmer plot of acrylamide quenching. Lipase at pH 7-0 (-0-), MG 
state atpH 1-0 (-A-) and denatured state at6M GdnHCl (-•-). 
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Table 3.2: Acrylamide quenching data of native, molten globule and 
denatured states of Mucor miehei lipase 
Protein state 
Native (pH 7-0) 
Molten globule (pH 10) 
6 M GdnHCl denatured 
Ksv (M-') R^ fa 
31 0-99 1-28 
3-2 0-98 0-872 
4-2 0-98 1-567 
R is regression coefficient 
fa is fraction accessible to quencher 
3.2. Acid-induced unfolding of Wheat Germ lipase 
Among cereal lipases, wheat germ lipase was originally isolated by Singer and 
Hofstee [71]. Wheat germ lipase has molecular weight of 42,000 and intrinsic 
viscosity of 4.72 ml/g indicating that it is elongated in shape [72]. The protein 
consists of approximately 20% a-helix and 40% |3- sheet. Amino-acid composition 
has also been determined. Effect of acidic and alkaline pH on structural integrity 
and activity of wheat germ lipase has also been investigated [72-73]. The enzyme 
was found to be stabilized by sugars (glucose, sucrose etc) and polyhydric 
alcohols (glycerol and DMSO) [74], out of which DMSO was found to be most 
stabilizing. Guanidine hydrochloride induced denaturation of lipase was found to 
be non-cooperative process [75]. 
We have characterized multiple intermediates possessing different levels of 
secondary structure as judged by farUV-CD and tertiary structural characters as 
investigated by near UV-CD and fluorescence measurements. Most striking and 
33 
interesting observation of the present study was acid-refolded state at pH 0-8 with 
far UV-CD spectrum of greater negative ellipticity than native state and was found 
to be structurally more stable than native protein as judged by far UV-CD and also 
guanidine-induced and thermal denaturation profiles. 
3.2.1. pH denaturation of lipase 
3.2.1.1. Activity profile 
The effect of varying pH on lipase activity (as reported in terms of hydrolysis rates 
of p-nitrophenyl butyrate) is shown in figure 3.6. It can be seen that activity was 
maximum ~pH 7-8 and decreased on either side of this range. This could be 
possibly due to perturbation in the vicinity of active site or due to structural 
changes occurring in protein molecule leading to inactivation of the enzyme. 
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Figure 3.6: Activity profile of Wheat Germ Lipase as a function ofpH. (A.U. represents 
arbitrary units) 
3.2.1.2. Far UV-CD measurement 
Denaturation of wheat germ lipase was carried out over pH 0-6 to 120. Figure 
3.7A shows change in secondary structure of lipase as a function of pH as 
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followed by far UV-CD signals at 216 nm. The lipase in native state at pH 7-0 
(figure 3.7B, curve 1) revealed negative peaks at 207, 216 and 220 nm showing 
that the protein has mixed structure containing both a-helices and [3-sheet. Lipases 
have been known to belong to class of a/p proteins with alternating beta-strands 
and helical segments. Wheat germ lipase showed (figure 3.7A) stable secondary 
structure in alkaline range, from pH 80 upto 120. However in acidic range, CD 
value started decreasing markedly from pH 60 to a minimum value at pH 40. 
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Figure 3.7: (A) Effect of varying pH on MRE at 216 nm of Wheat germ lipase as 
obtained from far UV-CD measurements. 
(B) Far UV-CD spectra of lipase at pH 7-0 (curve 1), acid-unfolded state at pH 4-0 
(curve 2), acid-induced MG state at pH 1'4 (curve 3), acid-refolded state at pH 0-8 
(curve 4), and denatured state at 6 M GdnHCl (curve 5). 
To ascertain the extent of disruption of protein structure by pH, we compared far 
UV-CD spectra (figure 3.7B) of native lipase (curve 1) and acid-unfolded state at 
pH 4-0 (curve 2). Acid-unfolded (UA) state was found to be different from 
denatured state of protein at 6 M GdnHCl (curve 5) that has lost all the elements of 
secondary structure. UA state at pH 4-0, exhibited a negative peak at 207 nm with 
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significant decrease in value at 216 nm. Further decrease in pH below 40, leads to 
second transition corresponding to formation of secondary structure and 
surprisingly at very low pH of 0-8, negative CD value increased beyond that of 
native state. In this region, figure 3.7B shows spectra of acid-induced state at pH 
1-4 (curve 3) comparable to that of native state and acid-refolded state at pH 0-8 
(curve 4) with negative MRE value greater than that of native state, probably 
corresponding to higher secondary structure content in acid-refolded state than 
native lipase. Thus spectra of lipase at pH 40 , 1-4 and 0-8 showed intermediate 
states that were different from native state as well as from completely denatured 
state. A very novel and unexpected finding of pH-induced unfolding of wheat 
germ lipase was formation of more ordered secondary structure in protein at very 
low pH value of 0-8. 
3.2.1.3. Near UV-CD analysis 
Alterations in tertiary structure of lipase were probed using near UV-CD and the 
results are shown in figure 3.8. pH titration curve of lipase (figure 3.8A) shows 
that on increasing pH in alkaline range there was gradual decrease in near UV-CD 
signals. But when pH was decreased below 7-0, there was abrupt loss of tertiary 
structure. Spectrum of native lipase at pH 70 (figure 3.83, curve 1) showed peaks 
at 290 and 278 nm. Spectra of lipase in acid-unfolded state at pH 4 0 (curve 2) and 
acid-induced state at pH 1-4 (curve 3) has lost all characteristic peaks present in 
native protein and resemble to that of denatured protein at 6 M GdnHCl (curve 5). 
Quite interestingly, when the pH was lowered down to 0-8, near UV-CD signals 
shoot back again (figure 3.8A) and approached nearly to that of native protein. 
The spectrum of acid-refolded state at pH 0-8 (figure 3.8B, curve 4) shows that 
some of the tertiary signals present in native state are regained at very low pH. 
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Figure 3.8: (A) Changes induced by pH in Wheat germ lipase as monitored by MRE at 
280 nnu 
(B) Near UV-CD spectra of lipase at pH 7-0 (curve 1), acid-unfolded state at pH 4-0 
(curve 2), acid-induced MG state at pH b4 (curve 3), acid-refolded state at pH 0-8 
(curve 4), and denatured state at6M GdnHCl (curve 5). 
3.2.1.4. ANS binding study 
ANS is an extrinsic probe that fluoresces strongly when bound to apolar binding 
sites on protein surface but not when present freely in solution. This property of 
ANS provides a convenient method for detection of intermediates in multiple-state 
folding transition. A plot of ANS fluorescence intensity at 480 nm as a function of 
pH is shown in figure 3.9A while the spectra are shown in figure 3.9B. With 
varying pH it can be seen that FI was maximum at pH 1 -4 showing that lipase at 
this pH had enhanced solvent accessible clusters of hydrophobic regions, which 
were initially buried in the interior of native state of lipase at pH 70 (figure 3.9B, 
curve 1) or disrupted as in case of 6 M GdnHCl denatured protein (figure 3.9B, 
curve 5). Other intermediate states e.g. acid-unfolded state at pH 4 0 (figure 3.9B, 
curve 2) and acid-refolded state at pH 0-8 (figure 3.9B, curve 4) showed only 
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minimal binding of ANS as compared to acid-induced state at pH 1-4 (figure 3.9B, 
curve 3). ANS binding results together with others, i.e. native-like secondary 
structure and disrupted tertiary structure indicate that lipase existed in MG state at 
pH 1-4. Spectral properties of different states of wheat germ lipase have been 
enlisted in Table 3.3. 
6 8 10 12 
pH 
400 500 
Wavelength (nm) 
600 
Figure 3.9: (A) Extrinsic fluorescence data as depicted by changes in Fluorescence 
Intensity at 480 nm with pH, by exciting the protein at 380 nm. 
(B) Extrinsic Fluorescence spectra of lipase atpH 7-0 (curve 1), acid-unfolded state at 
pH 4'0 (curve 2), acid-induced MG state atpH 1'4 (curve 3), acid-refolded state atpH 
0'8 (curve 4) and denatured state at6M GdnHCl (curve 5). 
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3.2.1.5. Intrinsic fluorescence data 
Intrinsic fluorescence parameters like intensity and wavelength maxima (Xmax) 
provide excellent means for studying structural dynamics and polarity of protein 
chromophore. The changes in Fluorescence Intensity (figure 3.10A) and 
Wavelength maxima (figure 3.1 OB) have been used to study pH denaturation of 
lipase. Figure 3. IOC shows fluorescence spectra of different states of lipase. In the 
native state (figure 3.IOC, curve 1), protein exhibited X,max at 334 nm which 
indicated that tryptophan groups were embedded in the interior of protein. }imax 
was red-shifted by 15 nm in GdnHCl-denatured state (figure 3.IOC, curve 5) due 
to exposure of tryptophan residues. As protein was exposed to alkaline 
environment, there was insignificant change in FI with accompanying red shift 
(figure 3.10A and B), indicating that microenvironment of tryptophan residues got 
polar with conformational changes. As pH was lowered to 40 (figure 3.10A), FI 
decreased along with red-shift and was then stabilized, indicating presence of 
stable intermediate which we have characterized as acid-unfolded state (figure 
3.IOC, curve 2). Progressive decrease in pH lead to ftirther decrease in FI value 
along with red-shift till a plateau was reached in the vicinity of pH 1 -4 (figure 
3.1 OB). Acid-induced MG state at pH 1.4 with ?imax of 337 nm (figure 3.IOC, 
curve 3) had tryptophan residues exposed to polar environment. After this plateau, 
quite surprisingly X,max was found to decrease until upto pH 0-8, together with 
decrease in FI value. Acid-refolded state at pH 0-8 was found to be blue-shifted by 
3 nm (figure 3.IOC, curve 4) as compared to native lipase. This blue shift can be 
attributed to internalization of tryptophan residues into hydrophobic environment, 
most probably due to compaction of protein at this pH. Resuhs of intrinsic 
fluorescence experiments (figure 3.10 A, B, C) indicated that states stabilized at 
pH 4-0, 1-4 and 08 were different from native protein and its denatured form at 6 
M GdnHCl. 
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Figure 3.10: (A) Changes in Fluorescence Intensity at 340 nm with pH as monitored 
by intrinsic fluorescence by exciting the protein at 280 nm. 
(B) pH dependence of emission maxima of intrinsic tryptophan fluorescence. 
(C) Intrinsic Fluorescence spectra of lipase atpH 7'0 (curve 1), acid-unfolded state at 
pH 4-0 (curve 2), acid-induced MG state atpH 1-4 (curve 3), acid-refolded state atpH 
0'8 (curve 4), and denatured state at6M GdnHCl (curve 5). 
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3.2.1.6. Acrylamide quenching results 
To sense the exposure of tryptophan residues in different states and thereby to 
derive information about protein conformation, we measured the extent of 
fluorescence quenching by acrylamide. Figure 3.11 shows Stem-Volmer plot of 
lipase in different states while Table 3.4 compares Stem-Volmer constant (Ksv) 
fitted to the linear part of the curve. Kgv values of states at pH 1-4 and 40 were 
found to be higher than that of native state while lower than that of GdnHCl-
denatured state, indicating that these are partially-unfolded states having more 
expanded conformation than native lipase. Red-shift obtained in intrinsic 
fluorescence study also supported this finding. Ksv value of acid-refolded state at 
pH 0-8 was lower than that of native lipase, indicating the induction of compact 
structure in the vicinity of tryptophan. This data is also consistent with the blue 
shift observed in intrinsic fluorescence. Shift of tryptophan residues to the interior 
hydrophobic region of the protein would have made it less accessible to the 
solvent and hence to the quencher. 
0.2 0.4 
[Q] (M) 
0.6 
Figure 3.11: Stern Volmer plot of acrylamide quenching of Wheat Germ Lipase atpH 
7-0 (O), acid-refolded state atpH 0-8 (•), acid-induced MG state atpH 1-4 (A), acid-
refolded state atpH 4-0 (A) and denatured state at6M GdnHCl (•) . 
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TABLE 3.4: Acrylamide quenching data of Wheat Germ Lipase in 
different states 
Particulars 
Lipase at pH 7-0 (Native state) 
Lipase at pH 0-8 (Acid-refolded state) 
Lipase at pH 1 -4 (Acid-induced MG state) 
Lipase at pH 4-0 (Acid-unfolded state) 
Lipase at 6 M GdnHCl (Denatured state) 
Ksv (M-') 
3-8 
2-8 
5-3 
61 
8-4 
Taken together all the results lead us to characterize multiple intermediates during 
pH-induced denaturation of wheat germ lipase. Acid-unfolded state with reduced 
secondary structure and disrupted tertiary structure was stabilized at pH 40. Acid-
induced MG state was characterized at pH 1-4 with native-like secondary 
structure, disrupted tertiary structure having exposed hydrophobic patches along 
with expanded conformation. Most remarkable and unexpected finding of this 
work was properties obtained in case of lipase at pH 0-8. At such low pH protein 
was showing higher secondary structure and more compact conformation than 
native protein. 
3.2.2. StabiUty studies on Native and Acid-refolded state of lipase 
Attractive spectroscopic results of lipase in acid-refolded state provided the 
grounds to perform stability studies on this state as compared to that of native 
lipase, in presence of chemical denaturant and temperature. Any subtle changes in 
the structure of protein upon acidification should reflect its stability, and can be 
observed in its behavior towards denaturants. 
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GdnHCl induced denaturation of native lipase at pH 7-0 and Acid-refolded state at 
pH 0-8 were followed by far UV-CD (figure 3.12A) and intrinsic fluorescence 
measurements (figure 3.12B). Under neutral conditions, GdnHCl-induced 
transition was found to be reversible process (data not shown) but at pH 0-8, 
protein denaturation was irreversible. Since irreversible transition was observed, 
AG was not calculated and hence Cm value was used as a measure of stability of 
protein towards denaturant. 
As can be seen from the figure 3.12A, transition curve of lipase at pH 7-0 was not 
sigmoidal with structural changes starting at as low as 0-2 M GdnHCl. The loss in 
secondary structure followed a single transition with mid-point Cm value at I M 
GdnHCl (Table 3.5). 
1 
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Figure 3.12: Normalized transition curves of Guanidine hydrochloride induced 
denaturation of lipase in native state atpH 7-0 (O) and in acid-refolded state at pH 0-8 
(•) as monitored by (A) Far UV-CD, for changes in secondary structure, 
(B) Intrinsic fluorescence for changes in tertiary structure (excitation 280 nm). In 
either case, transition curve of lipase at pH 7-0 was found to be reversible while that at 
pH 0-8 was irreversible (reversibility data not shown). 
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When the protein at pH 0-8 was subjected to GdnHCl denaturation, a sigmoidal 
transition curve was observed with Cm value at 3 M GdnHCl. It was quite 
surprising to note that acid-refolded state at pH 0-8 was more stable to chemical 
denaturation than native state, a characteristic not commonly found in proteins. 
Similarly higher structural stability of acid-refolded state (Cm= 2-6 M) as 
compared to native state (Cm= 0-8 M) was observed by intrinsic fluorescence data 
(figure 3.12B). 
Thermal denaturation curve was measured by far UV-CD (figure 3.13) and was 
found to be irreversible. Sigmoidal transition curve with Tm value of 47°C in case 
of native lipase and non-sigmoidal curve with Tm value of 75°C in case of acid-
refolded lipase at pH 0-8 was obtained, indicating that acid-refolded state was 
more stable towards heat as compared to the native state. 
25 45 65 85 
Temperature (°C) 
105 
Figure 3.13: Normalized thermal denaturation profile showing changes in MRE at 216 
nm of lipase in native state atpH 7'0 (O) and in acid-refolded state atpH 0-8 (•). 
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TABLE 3.5: Transition midpoints of chemical and thermal denaturation 
of lipase in native (at pH 7'0) and acid-refolded (at pH 0.8) states 
Denaturing condition 
GdnHCl induced denaturation 
(Cm values in M) 
Far UV-CD data 
(from figure 3.12A) 
Intrinsic fluorescence data 
(from figure 3.12B) 
Thermal denaturation 
(Tm values in °C) 
Far UV-CD data 
(from figure 3.13) 
Native lipase 
1 
IM 
0-8 M 
47 °C 
Acid-refolded lipase 
3M 
2-6 M 
75 °C 
(DISCUSSION 
To understand how and why proteins acquire a unique three-dimensional structure, 
it is important to elucidate the hierarchy of interactions that stabilize the native 
protein. It is proposed that acid-induced denaturation of proteins is governed by 
fine balance between the hydrophobic interactions and the opposing 
intramolecular charge-charge repulsion between the positively charged groups. 
Below pH 40, ionizable side-chains of the protein get protonated. The resulting 
charge-charge repulsion consequently leads to protein unfolding [76]. Further 
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decrease in pH has no effect on ionization state of protein but increases anion 
concentration. Anions from acid shield the electrostatic repulsion leading to 
unfolding of the protein at low pH by binding directly to the positive charges, 
resuhing in manifestation of hydrophobic interactions favoring refolding of the 
unfolded protein [76]. The results obtained on Mucor miehei and Wheat Germ 
lipase can be explained accordingly. 
About Mucor miehei lipase: Acid-denaturation studies on Mucor miehei lipase 
showed transition from the native to unfolded state in the vicinity of pH 20. This 
transition is characterized by significant loss of secondary structure and alteration 
of tertiary structure of native protein and has been called, the acid-unfolded state 
(Table 3.1). The acid-unfolded state of the lipase is less unfolded than GdnHCl-
denatured state. This might be due to electrostatic repulsion failing to overcome 
interactions favoring folding [77]. At higher anion concentration, the electrostatic 
forces are reinforced to some extent due to neutralization of excess positive charge 
and this affects the protein in a manner that it refolds in an attempt to return to its 
native state. However the tryptophanyl microenvironment is apparently not 
regenerated since the protein does not have native-like fluorescence properties. 
This leads to transition to a folded intermediate at pH 1 0, which has significant 
amount of ANS binding surface, a characteristic feature of molten globule. 
Therefore, acidic pH induced denaturation of the lipase may be represented as: 
N • UA • MG 
Scheme 3.1: Schematic presentation of pH-induced structural changes in Mucor 
miehei lipase. N, UA and MG represent native state at pH 70, acid-unfolded state 
at pH 20, molten-globule state at pH 1 0. 
The molten globule (MG) is a state of the protein possessing native-like format 
with little/no global tertiary structure. But recent findings support the idea that it 
may also possess well-defined tertiary contacts. It is important to determine the 
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extent of specific tertiary structure present in MG state and to understand the role 
of specific side-chain packing in stabilizing and specifying the MG state. Our 
results on acid-induced MG state of the lipase at pH 10 show evidence of 
conformation with native-like tertiary structure as well as secondary structure 
(Table 3.1). The structural similarity between MG state and native state may have 
significant bearing on understanding the protein folding problem [78]. The MG 
state obtained in our study contains all the features approaching to native protein 
except enhanced surface-exposed hydrophobic clusters. This suggests that MG 
state of lipase is a pre-native state. This phenomenon of acid-induced unfolding of 
the lipase from native state to acid-unfolded state, UA and subsequently refolding 
to MG state is an interesting phenomenon. 
About wheat germ lipase: It has been shown that acid denaturation of wheat 
germ lipase leads to characterization of multiple intermediates. Native protein at 
pH 70 showed far UV-CD spectrum indicating mixed structure with both alpha 
and beta-type of characteristics. Activity of lipase was found to fall on either sides 
of pH 7-8. Acid-unfolded (UA) state has been characterized at pH 40 with residual 
secondary structure, disrupted tertiary spectrum and red-shifted fluorescence 
spectrum with decreased intensity. Further decrease in pH lead to formation of 
secondary structure and acid-induced molten globule (MG) state has been found to 
be stabilized at pH 14, with exposed tryptophan residues and hydrophobic 
patches. Most interesting part of this study was characterization of acid-refolded 
(AT) state at pH 0-8 with higher secondary structure content than native lipase and 
regain in tertiary spectrum. Compact structure of lipase in the vicinity of 
tryptophan residues was suggested by blue shift in wavelength maxima and lower 
Ksv value of this state as compared to that of native state. Compact states at low 
pH have been characterized in several other proteins [79-81]. However, property 
of acquiring more ordered secondary structure at pH 0-8 is indeed unique for this 
lipase, commonly not found in proteins. Surprisingly, although enzymatically 
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inactive acid refolded state was found to be structurally more stable than native 
lipase as shown by chemical and temperature denaturation profiles. 
pH is known to influence structure of protein by altering net charge on the protein. 
The pivotal role and magnitude of specific electrostatic interactions in proteins can 
be studied by measuring dependence of stability on pH. Electrostatic intereactions 
have been known to render the folded conformation of protein more stable against 
temperature [82-83]. In particular, experimental investigations exploiting site-
directed mutagenesis have revealed that optimization of charge-charge interactions 
on protein surface is an effective strategy to enhance stability of proteins [84-85]. 
We have found in the case of wheat germ lipase that acid-refolded state at pH 0-8 
has more stable structure than native state at pH 70 as can be seen from GdnHCl 
and temperature denaturation profiles. Acid-refolded state must differ from native 
state with respect to charge on protein surface. Subjecting the protein to very low 
pH would have resulted in changes in electrostatic interactions of protein as 
compared to native state and these changes were found to be favorable in terms of 
stability of protein structure. Stable structure of protein is required for various 
industrial applications where protein may be subjected to harsh conditions of 
chemicals or high temperature. Unexpected finding that more stable structure is 
acquired by protein at very low pH can be exploited for biotechnological and 
industrial applications. Hence, time-consuming and laborious experiments for site-
directed mutagenesis aimed at increasing stability of the protein can be bypassed if 
there exists a possibility of enhancing stability of protein simply by lowering pH. 
However, although at low pH protein was found to be structurally more stable than 
native state, it was not enzymatically active at pH 0-8. Thus future experiments 
should be aimed at enhancing activity of the enzyme together with structural 
stability. If we somehow determine specific interactions crucial for activity at pH 
70 and for structural stability at pH 0-8, both the characteristics of the protein can 
be clubbed together to engineer a new protein having stability and activity 
simultaneously. 
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On the basis of results discussed above mechanism of unfolding of wheat germ 
lipase can be presented as given in Scheme 3.2. 
N • UA • MG • AT 
Scheme 3.2: Proposed unfolding pathway of Wheat Germ Lipase as monitored by 
Acid-induced changes. N, UA, MG and Ar represent neutral state at pH 70, acid-
unfolded state at pH 40, acid-induced molten-globule state at pH 1-4 and acid-
refolded state at pH 0-8. 
The present investigation identified a number of intermediate states of wheat germ 
lipase under various conditions. Multiple equilibrium partially-folded 
intermediates that differed in the amount of secondary and tertiary structure, 
fluorescence properties and ANS binding capability were characterized. They may 
play an important role in correct folding of protein. It is being speculated that such 
equilibrium intermediates probably consist of ensembles of substrates with a 
common core of native-like secondary structure, which is responsible for their 
stability. It is likely that such intermediates may represent the equilibrium 
counterparts of transient kinetic intermediates [86]. Lipases are currently attracting 
an enormous attention because of their biotechnological potentials. The 
identification and characterization of folding intermediates of lipases, in the 
present work, help to examine the generality of existence of intermediate 
conformations and can provide important information about the nature of protein 
folding pathway. Moreover this novel finding open-up new vistas for future 
experiments aiming at more detailed characterization of states of wheat germ 
lipase by more sophisticated techniques, kinetic refolding studies, experiments to 
determine specific electrostatic interactions or other factors responsible for more 
stable structure of acid-refolded state, etc. 
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Important conclusions can be made about folding behaviour of lipases, that they 
form acid-unfolded state at low pH, followed by refolding of the protein at lower 
pH, without addition of salts. The unique properties of acid-induced states of 
lipases are of particular interest and can lead us to better understanding of protein 
folding problem. Equilibrium studies also pave the way for future kinetic 
experiments. Further efforts for investigating the acid denaturation of lipase using 
other sophisticated techniques such as NMR and small-angle X ray scattering, 
which can give a better picture of secondary and tertiary contacts, are needed. 
Important observation made for wheat germ lipase can be utilized to design 
functionally active and structurally stable enzyme and thus can be useful in 
enzyme engineering. 
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Stability of the protein is a fiinction of external variables such as pH, temperature, 
ionic strength and solvent composition. To understand the structural and 
functional properties of an enzyme under different solvent conditions, is 
fundamentally important for both theoretical and applicative reasons; as these 
studies may provide insight into the molecular basis of the stability of the enzyme. 
Designing protocols or a protein with special properties for biotechnological 
applications require such results. A simple method for such studies involves 
monitoring of conformational changes due to perturbation of a protein molecule 
by various agents such as GdnHCl, urea, temperature and cosolvents [87]. One 
such cosolvent is poly(ethylene glycol) (PEG)- a nonpolar polymer of ethylene 
oxide. PEGs have different physical properties (ex- they may be liquid or low-
melting solid) depending on their molecular weights, however their chemical 
properties are nearly identical. PEGs have the general structure: HO-(CH2-CH2-
0)n-H. The numbers that are often included in the names of PEGs indicate their 
average molecular weights, e.g. a PEG with n=80 would have an average 
molecular weight of approximately 3500 Daltons and would be labeled PEG 3500. 
PEG is a hydrophillic nonionic nontoxic polymer used in many biochemical and 
industrial applications such as cosmetics, food and pharmaceutical products. The 
success of this polymer in biotechnological applications depends on its mild action 
on the biological activity of cell components. Apart from that, PEG is also used for 
liquid-liquid partitioning and precipitation of biomacromolecules [88-90] for 
protein crystallography. Due to the extensive practical uses of PEGs, it is of 
fundamental importance to understand the conformational changes occurring in 
the protein conformation and activity in PEG-water solution. 
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Thiol proteases (ex- Bromelain, papain, chymopapain) are industrially very 
significant proteins. These belong to a+P class of proteins and have highly similar 
amino-acid sequence [91-93]. Thermal denaturation profile of these proteins has 
been found to be completely irreversible [94-95]. In this work, we have monitored 
the activity and conformational changes in these enzymes induced by PEG 
solutions of different molecular weights, i.e. 20000, 6000 and 400. Activity 
measurements (at different temperatures) showed that PEGs lead to destabilization 
of these three proteins. Far UV-CD measurements showed that PEGs lead to 
reduction in CD signals of papain. Fluorescence measurements indicated that 
papain unfolds in presence of increasing concentrations of PEGs. This observation 
of destabilization of thiol proteases by PEGs of different molecular weights may 
have important implications in industrial processes where PEG is used. 
4.1. Activity measurements 
To understand the function of thiol proteases in PEG-water solution, we performed 
the activity assay of these three enzymes using synthetic substrate (Z-L-Lys-ONp 
hydrochloride). Figure 4.1 shows the effect of 10% (w/v) PEG (20000, 6000 and 
400) on activity of different thiol proteases, as a function of temperature. As can 
be seen from figure 4.1 A, papain showed maximum activity around 50°C at pH 
4-5 and activity decreased on either side of this temperature (curve 1). The figure 
also shows that all the PEGs used decrease the activity of papain. In the 
temperature range 30-70°C, papain was maximally destabilized by PEG 400 
(curve 2), and to lesser extent by PEG 6000 (curve 3) while PEG 20000 was found 
to be the least destabilizer (curve 4), according to activity measurement data. Thus 
the order of activity of papain in different solutions was found to be: 
Papain (at pH 4.5) > Papain + PEG 20000 > Papain + PEG 6000 > Papain + PEG 400 
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Figure 4. IB shows activity changes of bromelain at pH 4.5 (curve 1), in presence 
of 10% (w/v) PEG 400 (curve 2), PEG 6000 (curve 3) and PEG 20000 (curve 4). 
The results depicted that in the temperature range 30-70°C the order of activity of 
bromelain in different solutions was found to be: 
Bromelain (at pH 4.5) > Bromelain + PEG 400 > Bromelain + PEG 6000 > 
Bromelain + PEG 20000. 
Figure 4.1C shows temperature profile c)f Chymopapain activity at pH 4.5 (curve 
1), in presence of PEG-400 (curve 2), PEG-6000 (curve 3) and PEG-20000 (curve 
4). As can be seen here, addition ofPEGshad insignificant effect on the activity of 
chymopapain. However, it can be seen from the curve that PEG 20000 maximally 
destabilized chymopapain. 
Thus the results presented in figure 4.1 lead us to conclude that different PEGs 
have different degree of destabilization of the three proteins belonging to same 
structural class. However the general conclusion driven from these experiments 
was that all the three PEGs used, of low and high molecular weights, lead to 
destabilization of the thiol proteases. Since the maximum difference in activity of 
protein in absence and presence of different PEG solutions was found to be in the 
case of papain, we performed further studies on papain. Structural perturbations in 
papain were monitored by spectroscopic methods, i.e. far UV-CD for changes in 
secondary structure and fluorescence measurements as a probe for tertiary 
structure. 
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Figure 4.1: (A) Temperature profile of Papain activity at pH 4-5 (curve 1), in presence 
ofPEG-400 (curve 2), PEG-6000 (curve 3) and PEG-20000 (curve 4). 
(B) Temperature profile of Bromelain activity at pH 4 5(curve 1), in presence ofPEG-
400 (curve 2), PEG-6000 (curve 3) and PEG-20000 (curve 4). 
(C) Temperature profile of Chymopapain activity at pH 4-5 (curve 1), in presence of 
PEG-400 (curve 2), PEG-6000 (curve 3) and PEG-20000 (curve 4). 
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4.2. CD measurements 
Figure 4.2 shows the effect of different molecular weight polyethylene glycols 
concentrations (PEG-400, 6000 and 20000) on papain at pH 4-5 as monitored by 
the measurements of MRE at 222 nm. Alteration in the ellipticity at this 
wavelength is a useful probe for monitoring varying secondary structure contents. 
The figure shows that with increasing concentrations of PEGs significant decrease 
in the MRE222 was observed, indicating that there was disruption of secondary 
structure content of the protein. 
6000 
20 40 60 80 
% PEG (w/v) 
100 
Figure 4.2: Plot ofMRE at 222nm of Papain in presence of PEG 20000 (•) , 6000 (A) 
To ascertain the extent of disruption of protein structure by PEGs, we compared 
far UV-CD spectra of papain at pH 4-5 (curve 1), papain in presence of 10% PEG 
w/v 20000 (curve 2), 10% w/v PEG 6000 (curve 3) and 10% w/v PEG 400 (curve 
4) in Figure 4.3 A. Spectrum of papain at pH 4-5 reveals two negative peaks at 222 
and 208 nm that are characteristic of helical content of the protein [96]. Maximum 
decrease in far UV-CD spectra was observed in case of PEG-400 and least with 
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PEG 20000 with PEG 6000 showing intermediate values, as was also supported by 
activity measurements (figure 4.3A). These results suggested that addition of 
PEGs, lead to loss of secondary structure content of papain. Figure 4.3B shows far 
UV-CD spectra of papain at pH 4-5 (curve 1); papain in presence of 45% w/v PEG 
20000 (curve 2), 45% w/v PEG 6000 (curve 3), 90%) w/v PEG 400 (curve 4), 
indicating that at very high concentration of PEGs, far UV-CD spectra had very 
similar ellipticity values. At low concentrations of PEGs (i.e. 10%) w/v) extent of 
disruption of secondary structure was different while at high concentration where 
maximum disruption of structure was observed, loss of structure upto similar 
extent was observed for all the three PEGs studied. 
-6000 
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Wavelength (nm) 
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Figure 4.3: (A) Far UV-CD spectra of papain at pH 4-5 (curve 1); papain in presence 
of 10% w/v PEG 20000 (curve 2), 10% w/v PEG 6000 (curve 3) and 10% w/v PEG 400 
(curve 4) 
(B) Far UV-CD spectra of papain atpH 4-5 (curve 1); papain in presence of 45% w/v 
PEG 20000 (curve 2), 45% w/v PEG 6000 (curve 3) and 90% w/v PEG 400 (curve 4). 
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4.3. Fluorescence measurements 
4.3.1. Intrinsic Fluorescence: As the intrinsic fluorophore tryptophan is highly 
sensitive to the polarity of its surrounding environment, PEGs induced changes in 
conformation of papain were monitored using fluorescence spectroscopy. Papain 
contains 5 tryptophan residues out of which three are buried in hydrophobic core 
while two are located near the surface of the molecule [97]. Figure 4.4A shows 
changes in fluorescence intensity of papain at 340 nm with increasing 
concentration of PEGs, the changes in wavelength maxima are depicted in figure 
4.4B and the spectra of papain in presence of PEGs can be seen from figure 4.4C. 
As can be seen from the figures, with increasing concentration of PEGs 
fluorescence intensity at 340 nm increased with blue shift in wavelength maxima 
indicating that structural changes occurred in the vicinity of tryptophan residues. 
Since PEGs are non-polar polymers, interaction of protein with increasing 
concentration of PEGs may lead to the observed blue shift. This indicated that 
tryptophan residues moved to more hydrophobic environment in the presence of 
PEGs. 
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Figure 4.4: (A) Changes in Fluorescence Intensity at 340 nm of Papain in presence of 
increasing concentration of PEG 20000 ( •) , 6000 (A) and 400 (•) . 
(B) Changes in wavelength maxima of Papain in presence of increasing concentration 
of PEG 20000 ( • ) , 6000 (A) and 400 (•) . 
(C) Intrinsic fluorescence spectra of Papain atpH 4-5 (curve 1); papain in presence of 
40% w/v PEG 20000 (curve 2), 40% w/v PEG 6000 (curve 3), 80% w/v PEG 400 (curve 
4). 
4.3.2. Acrylamide Quenching Experiments'. 
The topological properties of proteins can be obtained using fluorescence 
properties of tryptophan residues. To confirm the extent of exposure of tryptophan 
residues in papain in different PEG solvent systems, we conducted fluorescence 
quenching experiment using uncharged molecules of acrylamide. Figure 4.5 shows 
Stem Volmer plot of papain at pH 4-5 (curve 1), papain in presence of 40% w/v 
PEG 20000 (curve 2), 40% w/v PEG 6000 (curve 3) and 80% w/v PEG 400 (curve 
4); while the Stem-Volmer constants (Kjv) are compared in Table 4.1. Resuhs for 
the tryptophan analogue NATA (curve 5) are also included as a standard for 
complete accessibility to quencher. 
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Figure 4.5: Stern Volmer plot of Papain atpH 4-5 (<>, curve 1), papain in presence of 
40% w/v PEG 20000 (M, curve 2), 40% w/v PEG 6000 (A, curve 3) and 80% w/v PEG 
400 (%, curve 4). Curve for NATA has been included for comparison (x, curve 5) 
As given in table 4.1, Kgy was found to be maximum for papain in presence of 80% 
w/v PEG 400 followed by 40% w/v PEG 6000 and then for protein in 40% w/v 
PEG 20000 and was minimum for papain in buffer. This implies that tryptophan 
residues were maximally exposed in presence of PEG 400, relatively less exposed 
in PEG 6000, even lesser in case of PEG 20000 and were least accessible to 
quencher in buffer, indicating that addition of PEGs to the buffer lead to exposure 
and greater solvent accessibility of these residues. These results corroborate with 
activity measurement data pertaining to destabilization of protein in presence of 
PEGs. 
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ABLE 4.1: Acrylamide quenching data of papain in different PEGs 
Particulars 
Papain at pH 4-5 
Papain + 40% PEG 20000 
Papain + 40% PEG 6000 
Papain + 80% PEG 400 
NATA 
Ksv ( M ' ) 
4.4 
6.3 
7.2 
8.5 
21.5 
4.3.3. ANS Binding Experiment: 
PEGs are non-polar solvents and hence the possibility that interaction of PEG with 
papain involves hydrophobic sites can be tested using ANS that has widely been 
used as fluorescence probe for hydrophobic patches. ANS acquires fluorescence 
emission when bound to protein while emission of free ANS is negligible. 
Therefore, if ANS is displaced from its binding sites on papain by competition 
with PEG, a decrease of its fluorescence would be induced. 
Figure 4.6 compares extrinsic fluorescence spectra of ANS bound to papain (curve 
1) with that of ANS bound to papain in presence of 50% w/v PEG 400 (curve 2). It 
can be seen that ANS binds to papain with ^^ ax at 470 nm. When papain was 
incubated in PEG-400 before addition of ANS, fluorescence spectrum showed 
decrease in intensity together with red-shift to 490 nm, a characteristic of free 
ANS. Similar results were also obtained with PEG 20000 and 6000 (data not 
shown). This shows that interaction of papain with PEG lead to displacement of 
ANS, probably due to competition for hydrophobic sites. 
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Figure 4.6: Fluorescence emission spectra ofANS bound to Papain atpH 4-5 (curve 1) 
and to papain in presence of 50% w/v PEG 400 (curve 2). Curve 2 has been obtained 
after subtraction of spectrum obtained for 50% w/v PEG 400+ANS from the emission 
spectrum of papain incubated with 50% w/v PEG 400 followed by addition ofANS. 
4.4. Thermal denaturation studies 
The structural stability of the papain in presence of 10% (w/v) PEGs was 
determined by temperature induced unfolding, followed by MRE measurements at 
222 nm. Figure 4,7 shows the normalized transition curves for thermal unfolding 
of papain (pH 4-5) and in presence of 10% (w/v) PEG- 20000, 6000 and 400. As 
can be seen from the figure, papain at pH 4-5 showed cooperative transition, while 
in presence of PEGs transition became non-cooperative one, with PEGs leading to 
destabilization of papain. Temperature at mid-point of transition (Tm) (Table 4.2) 
has been used as a measure of stability as free energy change, AG could not be 
determined because of the irreversibility of the unfolding process. Comparison of 
Tm at 10% (w/v) of different PEGs indicated that PEG-400 maximally 
destabilized papain, followed by PEG 6000 and least by PEG 20000; as also 
supported by previous experiments. These results, together with decrease in 
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activity measurements and in far UV-CD spectra with increasing concentration of 
PEGs, indicated that the protein was denatured in PEG-water solution. 
25 35 45 55 65 75 85 95 
Temperature (°C) 
Figure 4.7: Thermal denaturation profile showing changes in MRE at 222nm of 
Papain atpH 4-5 (O), papain in presence of 10% w/v PEG 20000 ( • ) , 6000 (A) and 
400 ( • ) . 
TABLE 4.2: Thermal transition midpoint of papain in different PEGs 
(Obtained from Temperature-induced normalized transition curves shown in figure 4.7) 
Protein state 
Papain at pH 4-5 
Papain + 10% w/v PEG 20000 
Papain + 10% w/v PEG 6000 
Papain + 10% w/v PEG 400 
T™(°C) 
73 
70-5 
69 
68-5 
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Preferential interaction is a thermodynamic measure of how solute and solvent 
redistribute around a protein in solution [98]. If water is enriched near the surface 
relative to its composition in bulk solution, there is preferential hydration of the 
protein molecule. If this is the situation, it stands to reason that if water is enriched 
near the surface then the solute will be in deficit, so the condition of preferential 
hydration is also one of preferential exclusion of solute. The condition, where the 
solute concentration at or near the protein surface is enriched relative to that in 
bulk solution, is described as solute binding or preferential interaction of solute 
with the protein. A strong correlation between solution stabilization and 
preferential interaction has been observed for many compounds. Those 
compounds that are strongly excluded from the protein surface stabilize proteins 
against various stresses imposed on the proteins in solution [99]. However PEG is 
an exception to this rule [100-102]. Exclusion of PEG from the protein surface is 
quite large, and even exceeds the level of exclusion achieved by the well-known 
protein stabilizers, for example- sugars, salts etc. However, PEG is a weak protein 
destabilizer and has been found to decrease the melting temperature of proteins 
[103,104]. 
Our resuhs in this paper indicate that PEGs (20000, 6000 and 400) lead to 
destabilization of thiol proteases. The possibility to explain this effect could be 
based on the proposal by Lee and Lee [102] that high molecular-weight PEGs 
assume compact structure stabilized by intramolecular hydrophobic interactions, 
thereby having lower PEG solvent interaction than the fully extended ones. 
Accordingly the effective exclusion size of PEG should be reduced at high PEG 
concentration and the change in exclusion size should be lower for large PEGs; 
this allows penetration of hydration layer of the protein. Thus decrease in 
preferential exclusion of PEG (20000 and 6000) might lead to increase in 
interaction of PEG with the protein surface. Low molecular weight PEG (ex-400) 
may show preferential interaction with protein displacing the folded-unfolded 
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equilibrium to the unfolded form, that is manifested as significant decrease in 
secondary structure content and melting temperature of the protein. Thus 
destabilization of proteins by PEGs could be explained in two ways: due to its 
small molecules, low molecular weight PEG shows positive interaction with the 
unfolded state of protein while high molecular weight PEGs acquire a compact 
form which allows the interaction with protein. 
Structural studies on papain suggest that protein assumes unfolded conformation 
in the presence of PEGs. PEG is a non-polar polymer that can assume a compact 
structure in aqueous solutions by intramolecular hydrophobic interactions. PEG 
can bind to hydrophobic sites on protein based on the fact that PEG is essentially 
non-polar [105]. PEGs may have stabilizing or destabilizing effect on proteins 
depending on their chemical nature. Thiol proteases are hydrophobic proteins rich 
in uncharged amino-acid residues (-82%) [91-93]. We propose that PEGs bind to 
the hydrophobic sites on the thiol proteases and hence lead to their destabilization. 
Evidence for claim can be drawn from the results obtained in ANS binding 
experiment (figure 4.6). This is in agreement with the findings of Pace and 
Marshal [106] that non-polar solvents destabilize hydrophobic proteins more than 
less- hydrophobic ones. 
sig^^'FiauNCE o<F am yrvayr 
On the basis of the results, it is possible to conclude that PEGs lead to 
destabilization of thiol proteases (papain, bromelain and chymopapain). However, 
extent of destabilization by different PEGs (20000, 6000 and 400) is different for 
the three proteases studied. Destabilizing effects of PEGs suggest that care should 
be exercised when PEG is used, even at room temperature, for protein saUing out 
or crystallization or in industrial applications, for thiol proteases and for 
hydrophobic proteins in general. 
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CHAPTER 5 
UNFOLDING STUDIES ON SUCCINYL 
CONCANAVALIN A 
Concanavalin A (Con A) is a Glucose/mannose specific plant lectin [107] obtained 
from Canavalia ensiformis (jack bean) and is composed of four identical subunits 
(Mr of one subunit = 26,500). In its ability to agglutinate the erythrocytes of 
numerous animal species, clump certain bacteria, precipitate glycogen and starch 
from solution; Con A is likened to an antibody. The complete three-dimensional 
structure of Con A has been determined by X-ray crystallographic diffraction 
methods [108-109]. Each of the four monomeric units of Con A is a compactly 
folded jelly roll motif composed of three antiparallel beta-sheets, including a six-
stranded flat 'back' and seven-stranded curved 'front' beta-sheet with a five-
stranded beta-sheets roofing the other two. Two of these subunits are joined via 
extensive antiparallel beta-pleated sheets to form ellipsoidal dimers, characterized 
by a large 12-stranded beta-sheet resulting from the anti-parallel edge-to-edge 
alignment of the two flat six-stranded beta-sheets, one from each monomer. In 
acidic conditions (pH<6) Con A exists in dimeric form (Mr=53000). The dimers 
are, in turn, paired across additional twofold axes to form tetramers (found at 
physiological pH). Like the dimers, the tetramers are stabilized by interactions that 
involve antiparallel beta-pleated sheets [110]. 
Succinyl Con A is formed by treatment of Con A with Succinic anhydride and 
contains ten modified residues per monomer of the protein [111]. It has been used 
for years as probe for cellular membranes. It has many unusual properties as 
compared to the native Con A, such as failure to induce patch and cap formation 
and at high concentrations does not show a diminished mitogenic effect. In 
addition, Succinyl Con A affects cyclic nucleotide levels in lymphocytes 
differently than does native Con A. The altered binding and biological activities of 
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this derivative relative to tetrameric Con A have generally been attributed to their 
reduced valence i.e., Succinyl Con A is known to be a dimer in solution. Yet it is 
found as typical Con A tetramer in the crystal; contacts holding together the 
tetramer appear extensive and suggest that a fine balance between dimer and 
tetramer exists [112]. 
We report here in a systematic way the conformational behavior of Con A and 
Succinyl Con A in increasing concentration of fluoroalcohols- 2,2,2-
trifluoroethanol (TFE) and 2-40%(v/v) 1,1,1,3,3,3-hexafluoroisopropanol (HFIP). 
Aggregation pattern of Con A in presence of fluoroalcohols and with increasing 
temperature was recorded. Temperature induced aggregation in Con A was, 
additionally, shown to be dependent on pH and protein concentration. 
Interestingly, alcohol-induced and temperature-induced aggregation was found to 
be prevented in succinylated form of the protein. Further, stability studies on 
Succinyl Con A were done in presence of Guanidine hydrochloride (GdnHCl) and 
urea. The equilibrium denaturation pathway of Succinyl Con A exhibited three-
state mechanism with the transition midpoints at 1 and 3 M GdnHCl and at 2-6 and 
5 M urea. Unfolding resulted in stabilization of molten-globule (MG) like 
intermediate states at 2 M GdnHCl and 3 M urea. The two MG-like states retained 
secondary structure as in native state, had altered intrinsic fluorescence 
characteristics with exposed hydrophobic patches. 
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5.1. Aggregation studies 
TFE and HFIP induced structural transition of Con A at dimeric subunit level have 
been reported in the present work. Con A at pH 5 0 exists as dimer [110]. Figure 
5.1 A and B show TFE and HFIP induced aggregation of ConA at pH 5 0 as 
monitored by measurement of fluorescence intensity (FI) at 350 nm by exciting 
the samples at 350 nm. As can be seen from the figure, upon increasing TFE and 
HFIP concentration, marked increase in FI at 350 nm was observed between 20% 
(v/v) and 60% (v/v) TFE and 2% (v/v) and 40% (v/v) HFIP. Above 60% (v/v) 
TFE and 40% (v/v) HFIP, there was decrease in FI at 350 nm reaching to the value 
observed for native protein at 70% (v/v) TFE and 60% (v/v) HFIP concentration. 
These results indicated that Con A at pH 50 (25°C) aggregated between 20-60% 
(v/v) TFE and 2-40% (v/v) HFIP. Above 60% (v/v) TFE and 40% (v/v) HFIP, 
these aggregates were not formed. The presence of time lag before significant 
scattering (data not shown), as also monitored by measurement at 350 nm 
suggested that aggregation occurred by nucleation and growth phenomenon. From 
this data, it can be concluded that Con A at pH 5 0 was converted to aggregation 
prone state in low concentration of fluoroalcohol that is resolubilized at higher 
concentration, according to the scheme: 
Lower cone of TFE & HFIP Higher cone of TFE & HFIP 
ConA • Aggregation • Disaggregation 
Interestingly, a modified form of Con A (Succinyl Con A) did not show 
aggregation on addition of TFE and HFIP in the entire range, i.e. 0-90% (v/v) 
(figure 5.1 A and B). Moreover, Succinyl Con A also exists in dimeric state at pH 
5 0 [111]. Therefore, in order to elucidate the structural behaviour of dimeric 
protein in fluoroalcohols, we are reporting here the effect of TFE and HFIP on 
Succinyl Con A by far UV-CD — a probe for secondary structure and multiple 
probes for tertiary structure. 
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Figure 5.1: Turbidity measurements. (A) Effect of increasing concentration of TFE on 
Succinyl Con A ( • ) and Con A (O) (atpH 5-0) 
(B) Effect of increasing concentration of HFIP on Succinyl Con A (A) and Con A (A) 
(at pH 5'0), as monitored by fluorescence measurement at 350 nm after exciting the 
samples at 350 nm. 
5.2. CD measurements 
Alcohols are known to enhance alpha-helical content by promoting local polar 
interactions (hydrogen bonds) in proteins. Therefore, alcohol induced denaturation 
results in stabilization of extended helical rod in which hydrophobic side chains 
are exposed whereas polar amide groups are shielded from the solvent [113-114]. 
To understand the influence of fluorinated alcohols in inducing helical structure on 
succinylated beta-sheet dimeric protein, we performed far UV-CD experiments on 
Succinyl Con A at various concentrations of TFE and HFIP. Figure 5.2A shows 
far UV-CD spectra of Succinyl Con A at pH 5 0 in absence and presence of 
various concentrations of TFE and HFIP. The far UV-CD spectrum of Succinyl 
Con A at pH 5 0 (curve 1) showed that it assumes atypical beta-sheet band shape, 
having a negative extremum at 223 nm. This spectral feature is similar to that of 
native Con A, having negative peak at 223.8 nm. It can be seen that addition of 
10% (v/v) TFE or 4% (v/v) HFIP lead to decrease in ellipticity in the entire range 
of spectra (250-200 nm), nonetheless the protein retained all the features of 
69 
Succinyl Con A at pH 5. This was indicating loss of beta-structure in the presence 
of low concentration of both the fluoroalcohols (curve 2 and 3). These were 
termed partially-folded intermediate (PFI) states. Both the spectra obtained at 10% 
(v/v) TFE or 4% (v/v) HFIP were almost overlapping. Titration of the protein with 
increase in concentrations of TFE and HFIP as monitored at 222 nm is shown in 
figure 5.2B. 
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Figure 5.2: (A) Far UV-CD spectra of Succinyl Con A (at pH S'O) in absence of 
alcohol (curve 1), in presence of 10% (v/v) TFE (curve 2), 4% (v/v) HFIP (curve 3), 
60% (v/v) TFE (curve 4) and 30% (v/v) HFIP (curve 5). 
(B) Effect of increasing concentration of TFE ( • ) and HFIP (A) on Succinyl Con A 
(atpH S'O) as monitored by changes in MRE value at 222 nm. 
Addition of 10% (v/v) TFE or 4% (v/v) HFIP lead to decrease in ellipticity 
without affecting spectral feature of the protein, indicating loss of native 
secondary structure, as discussed above. Above 10% (v/v) TFE or 4% (v/v) HFIP 
gradual increase in MRE value at 222 nm was observed. However, spectral 
amplitude became stabilized and reached a plateau ranging from 40% (v/v) to 70% 
(v/v) TFE concentration and from 20% (v/v) to 60% (v/v) HFIP concentration. In 
these plateau regions, at 60% (v/v) TFE or 30% (v/v) HFIP concentrations, CD 
spectra were characteristic of highly alpha-helical structure with negative peak at 
209 nm and 222 nm (curve 4 and 5, figure 5.2A). Calculations showed that 56-7% 
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alpha helix was induced in these states. After this plateau, another zone of increase 
in MRE value was obtained (figure 5.2B) starting from 70% (v/v) TFE and 60% 
(v/v) HFIP concentration, reaching a maximum value at 90% (v/v) concentration 
in both cases. These results indicated that TFE and HFIP caused small reduction in 
secondary structure of Succinyl Con A at their low concentration, which may be 
due to rearrangements of hydrogen-bonding because of addition of low 
concentration of cosolvents. However at higher concentration, fluoroalcohols 
induced alpha-helicity in the protein, due to enhanced local polar interactions and 
disruption of non-local interactions. HFIP was found to be twice more effective in 
inducing alpha-helicity as compared to TFE indicating the role of F atom in 
causing this effect. 
5.3. ANS-protein complex fluorescence 
ANS (8-anilino naphthalene 1-sulphonic acid) has higher affinity for the molten 
globule intermediate of protein than the native state or completely denatured state 
of the protein. Figure 5.3A shows the change in FI at 480 nm as a fiinction of 
increasing TFE and HFIP concentration. As can be seen from the figure, ANS-
protein complex fluorescence increased with increasing concentration of TFE and 
HFIP in sigmoidal pattern. These observations suggested that hydrophobic patches 
of protein exposed to the solvent cooperatively. Almost same ANS fluorescence of 
native protein and the states induced by 10% (v/v) TFE and 4% (v/v) HFIP 
indicated that these PFI states had no exposed hydrophobic patches. Figure 5.3B 
showed that ANS binds maximally to the protein in the presence of 60-90% (v/v) 
TFE and ~30% (v/v) HFIP concentration, while there was insignificant binding at 
pH 5 0 (in the absence of fluoroalcohols). It can be noted that TFE-induced state 
(formed at 60% concentration) showed higher ANS fluorescence than HFIP-
induced state (formed at 30% concentration). Moreover, HFIP-induced profile 
indicates slight disruption of hydrophobic patches above 30% (v/v) HFIP 
concentration (figure 5.3A). Higher ANS binding to GdnHCl denatured protein 
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compared to the native state may be due to retention of native-like secondary 
and/or tertiary structure within local regions in a random coil conformation. These 
results suggested the formation of MG-like state at -60% (v/v) TFE and 30% (v/v) 
HFIP. 
MG-like states of Succinyl Con A obtained in the presence of 60% (v/v) TFE and 
30% (v/v) HFIP concentrations and PFI states observed at 10% (v/v) TFE and 4% 
(v/v) HFIP were further characterized by intrinsic fluorescence and near UV-CD, 
probes for detecting changes in tertiary structure of the protein. 
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Figure 5.3: Fluorescence emission spectra ofANS bound to Succinyl Con A (at pH 
S'O) under different conditions. (A) Effect of increasing concentration of TFE ( • ) and 
HFIP (A) on ANS + Succinyl Con A (atpH S'O) complex, as monitored by changes in 
fluorescence intensity value at 480 nm, 
(B) Spectra of Succinyl Con A in presence of 60% (v/v) TFE (curve 1), 30% (v/v) HFIP 
(curve 2), 6 M GdnHCl (curve 3) and in absence of alcohol (curve 4). 
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5.4. Intrinsic fluorescence 
Figure 5.4A shows the fluorescence spectra of Succinyl Con A at pH 5 0, at 60% 
(v/v) TFE and 30% (v/v) HFIP induced states and denatured protein in the 
presence of 6 M GdnHCl in 300-400 nm range after exciting the protein at 280 
nm. The emission spectrum of Succinyl Con A at pH 5 0 showed wavelength 
maxima at 335 nm, which was indicative of presence of significant buried 
tryptophan residues. A spectrum for denatured state (6 M GdnHCl) was also 
included to demonstrate completely unfolded state. In the presence of 6 M 
GdnHCl, fluorescence intensity decreased along with red shift of approximately 
15 nm, indicating unfolding of the protein. Figure 5.4B shows the effect of 
increasing concentration of TFE and HFIP on fluorescence intensity at 340 nm. 
Decrease in fluorescence intensity without any shift in energy maximum at lower 
TFE and HFIP concentration, may be ascribed to loss of tertiary structure of the 
protein. 
Above 10% (v/v) TFE and 4% (v/v) HFIP, unfolding transitions were monophasic 
with both pre and post transition like regions. The TFE-induced denaturation 
profile had post-transition region in concentration range of 70-90% (v/v) while 
that of HFIP existed in a very wide range of 20-90% (v/v) concentration. In 
addition, it can be noted that emission maximum red-shifted by 5 and 4 nm in the 
presence of 60% (v/v) TFE and 30% (v/v) HFIP respectively, ftirther suggesting 
that the protein was adopting a somewhat more unfolded conformation than native 
protein. These results are also indicative of MG-like states of Succinyl Con A 
existing at 60% (v/v) TFE and 30% (v/v) HFIP. 
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Figure 5.4: Intrinsic emission spectra of Succinyl Con A (at pH S'O) under different 
conditions. (A) Spectra of Succinyl Con A in absence of alcohol (curve 1), in presence 
of 60% (v/v) TFE (curve 3), 30% (v/v) HFIP (curve 4) and 6 M GdnHCl (curve 2). 
(B) Effect of increasing concentration of TFE ( • ) and HFIP (A) on Succinyl Con A 
(atpH S'O) as monitored by changes in fluorescence intensity value at 340 nm. 
5.5. Near UV-Circular Dichroism measurements 
To study the structural changes in more details, CD measurements in the near UV 
region, which infer to tertiary structure, were performed with increasing 
concentration of TFE and HFIP and results are shown in figure 5.5, where MRE at 
292 nm is plotted versus fluoroalcohol concentration. As can be seen from the 
figure there was no significant change in MRE value when the protein existed at 
10% (v/v) TFE and 4% (v/v) HFIP, thus indicating that these PFI states had 
retained considerable amount of tertiary structure. However further increase in 
fluoroalcohol concentration lead to loss in tertiary structure and the states at 60% 
(v/v) TFE and 30% (v/v) HFIP had MRE292 value lesser than that of GdnHCl 
denatured protein. 
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Figure 5.5: Effect of increasing concentration ofTFE ( • ) andHFIP (A) on Succinyl 
Con A (atpH 5'0) as monitored by changes in MRE value at 292 nm. 
The near UV-CD spectra of native Succinyl Con A, induced states at low and high 
concentration of TFE and HFIP are shown in figure 5.6 (A & B). Succinyl Con A 
at pH 5 showed a prominent maximum at 292 nm, indicating that spectrum was 
dominated by tryptophan residues. Con A contains 4 tryptophan residues per 
monomer [108]. As can be seen from the figure, unfolded states induced at 60% 
(v/v) TFE and 30% (v/v) HFIP had lost all tertiary structure and resembled more 
to GdnHCl-denatured state. The complete loss of tertiary structure of TFE and 
HFIP induced states again indicated MG-like nature of these states. 
The various spectroscopic characteristics of states, induced in Succinyl Con A by 
TFE and HFIP, are summarized in Table 5.1. 
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Figure 5.6: Near UV-CD spectra of Succinyl Con A (at pH 5'0). (A) Spectra of 
Succinyl Con A in absence of alcohol (curve 1), in presence of 10% (v/v) TFE (curve 
2), 60% (v/v) TFE (curve 4) and 6 M GdnHCl (curve 3). 
(B) Spectra of Succinyl Con A in absence of alcohol (curve 1), in presence of 4% (v/v) 
HFIP (curve 2, solid line), 30% (v/v) HFIP (curve 4) and 6 M GdnHCl (curve 3). 
TABLE 5.1: Spectral properties of Succinyl Con A in different states 
Properties 
M R E * 222 
MRE*292 
F.I. 
(at 340nm) 
X,max (nm) 
F.I. 
(at 480 nm) 
% a-helix 
Succinyl Con A PFI 
(pH5) 
-12236 
219 
48 
335 
18 
# 
(10%TFE) 
-7621 
152 
31 
335 
18 
# 
PFI 
(4%HFIP) 
-7705 
133 
30 
335 
18 
# 
MG state 
(60%TFE) 
-19550 
91 
26 
340 
76 
56.79 
MG state 
(30%HFIP) 
-19550 
65 
15 
339 
46 
56.79 
* MRE value in deg.cm .dmol" 
# Represents conditions where Succinyl Con A existed in beta-form. 
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5.6. Thermal Denaturation 
Figure 5.7 shows temperature induced unfolding of Succinyl Con A at pH 5.0 and 
in presence of 30% (v/v) HFIP and 60% (v/v) TEE by MRE measurements at 
222nm. Native Succinyl Con A in beta-sheet form at pH 5-0 was quite stable upto 
85''C with no change in MRE at 222 nm. In presence of 30%) (v/v) HFIP and 60%) 
(v/v) TEE, MG states with alpha-helical structure were induced in this protein. 
Thermal transition of fluoroalcohols induced MG states in Succinyl Con A started 
at 25°C and suggested that these states were less stable than native protein. 
Thermal dependence of far UV-CD indicated loosely ordered secondary structure 
of these MG states as compared to the native protein. The results showed that 
unfolding of MG states of Succinyl Con A was weakly cooperative. The weakly 
cooperative thermal unfolding of Succinyl Con A in presence of 30%) (v/v) HFIP 
and 60%) (v/v) TEE was indicative of MG-like nature. An overall loss of ellipticity 
was observed with an increase of temperature. However, even at 85°C remnants of 
helical type band shape remained. 
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Figure 5.7: Effect of increasing temperature on Succinyl Con A (at pH 5-0) (D), in 
presence of 60% (v/v) TFE ( • ) and 30% (v/v) HFIP (A) as monitored by changes in 
MRE value at 222 nm. Protein concentration was 0-3 mg/ml in each case. 
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Thermal denaturation of Succinyl Con A resulted in structural rearrangement in 
the protein at secondary level. Figure 5.8A shows far UV-CD spectrum of 
Succinyl Con A with increase in temperature. Curve 1 shows that Succinyl Con A 
at pH 5 0 had atypical beta-sheet band shape at 25°C with negative peak at 223nm. 
With increase in temperature, secondary structure transformed to a shape more 
typical of beta-sheet conformation with negative peak at 216 nm at 94°C (curve 3). 
Change in wavelength peak of Succinyl Con A (at pH 5 0) far UV-CD spectra 
with increasing temperature is plotted in part B of figure 5.8. The plot shows that 
atypical beta-sheet structure was retained in the protein upto 85°C after which 
there was gradual shift in wavelength maxima reaching value of 216 nm at 94°C 
that was a characteristic of typical beta-sheet. These structural changes may be 
ascribed to the rearrangement of hydrogen bonding in the protein at high 
temperature. 
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Figure 5.8 Thermal denaturation of Succinyl Con A (0-3 mg/ml) 
(A) Far UV-CD spectra of Succinyl Con A (atpH 5-0) at IS'C (curve 1), at WC (curve 
2), at 92''C (curve 3), at 94''C (curve 4). 
(B) Effect of increasing temperature on wavelength peak of Succinyl Con A (atpH 5-0) 
spectra, as monitored by far UV-CD. 
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On the other hand, thermal denaturation of Con A resuhed in aggregation. The 
formation of protein aggregates was monitored by turbidity measurements at 350 
nm to study how aggregation depends on temperature and the results are plotted in 
figure 5.9. It shows that over entire range of temperature, Succinyl Con A did not 
show any increase in Optical Density (OD) at 350 nm. While Con A was found to 
be stable upto 45°C after which there was significant and gradual increase in OD 
at 350 nm, reaching a maximum value at 80°C. In Con A, temperature induced 
aggregation was found to follow sigmoidal pattern. 
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Figure 5.9: Effect of increasing temperature on Succinyl Con A at pH 5'0 (D) and 
Con A at pH 5'0 (•) as monitored by turbidity measurement at 350 nm (protein 
concentration- 0'3 mg/ml in each case). 
Further, in order to understand the mechanism of prevention of aggregation in 
Succinyl Con A, we studied the concentration and pH dependence of aggregate 
formation. The formation of scattering particles increased dramatically with 
protein concentration (figure 5.10A). However, even at high concentration 
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(Img/ml) aggregation started at higher temperature and decreased OD at 350 nm 
was recorded in case of succinylated form of Con A. While aggregation in Con A 
started at 45°C, in Succinyl Con A it started only after 75°C suggesting that 
negative charges developed (due to succinylation) played an important role in 
prevention of aggregation. Following similar argument we expected that 
aggregation in Con A should be prevented when negative or positive charges are 
developed on the protein by any other method. This was found to be true when 
Con A at low pH and at high pH was incubated at high temperatures (figure 5.10 
B). Con A at pH 5-0 (at 0-2 mg/ml concentration) was found to aggregate in a 
sigmoidal fashion, while subjecting the protein to pH 20 and pH 100 resulted in 
no visible precipitation. Also, Con A at pH 2 0 and pH 100 did not show 
aggregation even at high concentration of 1 mg/ml (data not shown), suggesting 
the possible role of electrostatic interactions in prevention of temperature-induced 
concentration-dependent aggregation. 
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Figure 5.10: Effect of varying protein concentration and pH on temperature-induced 
aggregation as monitored by turbidity measurement at 350 nm. 
(A) Comparison of temperature-induced aggregation in Con A (open symbols) and 
Succinyl Con A (filled symbols) at 0-2 mg/ml (0,#), 0-4 mg/ml (D, • ) , 0-6 mg/ml (A, 
A.)andlmg/ml{0,^). 
(B) Changes in absorbance at 350 nm of Con A at pH 5'0 (•) , at pH 2-0 (O), at pH 
lO'O (A). Protein concentration used-0-2 mg/ml in each case. 
5.7. GdnHCl and urea induced denaturation of Succinyl Con A 
For checking the conformational stability of a protein, equilibrium unfolding 
studies using denaturants such as urea and GdnHCl, are routinely done. Analysis 
of denaturation curves thus obtained, together with mutational studies, can provide 
significant understanding of local and long-range interactions essential for protein 
folding and stability [115]. Protein unfolding reaction in presence of denaturants 
can either proceed by simple two-state mechanism or through multiple steps 
involving stabilization of one or more partially folded intermediate states [116-
118]. Such intermediates are thought to play crucial role in protein folding [119]. 
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5.7.1. GdnHCl-induced unfolding of Succinyl Con A: Figure 5.11 summarizes 
GdnHCl-induced changes in the protein. The fraction of folded protein (Fn) at pH 
5-0 in the presence of different concentration of GdnHCl was calculated by taking 
values for Succinyl Con A at pH 50 in the absence of GdnHCl as the native value 
(Figure 5.11 A). 
For measuring the effect of GdnHCl on secondary structure of Succinyl Con A, far 
UV-CD studies were performed. Succinyl Con A showed a negative peak at 223-
224 nm (figure 5.2A) in the far-UV region, an indication of atypical band-shape as 
also obtained in case of Con A. As can be seen from Figure 5.11 A, Succinyl Con 
A retained its secondary structure (with fraction native, Fn=l) even upto 2-8 M 
GdnHCl. Above 3 M GdnHCl a large decrease in Fn was observed, indicating 
significant disruption of secondary structure of the protein under this condition. A 
complete loss in secondary structure was observed at and above 4 M GdnHCl. 
Since according to plot 5.11 A secondary structure was the most stable parameter, 
~4 GdnHCl was required for complete unfolding of the protein. 
Spectral parameters obtained from intrinsic fluorescence emission such as 
wavelength maxima and intensity are dependent on electronic and dynamic 
properties of the tryptophan residues, hence steady state fluorescence 
measurements have been widely used for studying the structural and dynamic 
properties of proteins. Buried tryptophan residues in folded protein show 
fluorescence emission X,max at 330-340 nm while exposed residues in unfolded 
protein show a maxima between 348 and 356 nm. The emission spectrum of 
Succinyl Con A at pH 5 0 showed wavelength maxima at 335 nm (figure 5.4A), 
which was indicative of presence of significant buried tryptophan residues. With 
an increase in GdnHCl concentration, a shift in X-max to 350 nm was observed, 
thereby showing unfolding of the protein. Plot of Fn in Figure 5.11 A shows that 
major transition occurred in the range 2- 3-6 M GdnHCl as observed according to 
shift in X,max of Succinyl Con A. 
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All these molecular properties of Succinyl Con A showed sigmoidal dependence 
on GdnHCI concentration but the profiles were non-superimposable, which 
suggested that GdnHCI induced unfolding was a multiphasic process with 
stabilization of intermediate state. An experimental support came from tryptophan 
fluorescence intensity profile (Figure 5.11B). As already stated, tryptophan 
residues of the protein are excellent built-in reporter for studying structural 
changes occurring in their vicinity. There is usually a red-shift in the emission of 
protein upon denaturation, though the fluorescence intensity may either increase or 
decrease. Figure 5.1 IB shows changes in fluorescence intensity of Succinyl Con A 
at 330 nm against concentration of GdnHCI. Two well separated transitions were 
observed. The first sharp transition occurred between 0 and 1-4 M GdnHCI. A 
plateau region existed from 1-4 to 2-6 M GdnHCI followed by second transition 
that was essentially complete at 3-6 M GdnHCI. This data showed that a stable 
intermediate existed around 2 M GdnHCI. 
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Figure 5.11: (A) Normalized transition curves of GdnHCI induced unfolding at pH 5-0 
as monitored by following changes in MRE at 224 nm obtained from far UV-CD ( • ) 
and in wavelength maximum (D) from intrinsic fluorescence measurements after 
excitation at 280 nm. 
(B) Changes in fluorescence intensity at 330 nm with increasing concentration of 
GdnHCI, obtained from intrinsic fluorescence measurements after exciting the protein 
samples at 280 nm. 
(C) Plot of fluorescence intensity at 480 nm with increasing concentration of GdnHCI, 
obtained from extrinsic fluorescence measurements after exciting the protein samples 
at 380 nm. 
The data was further supported by the ANS binding studies. The fluorescent probe 
shows enhanced fluorescence emission upon binding to solvent-accessible clusters 
of non-polar groups in proteins. As can be seen from Figure 5.1 IC significantly 
high fluorescence intensity was observed at ~2 M GdnHCI, as compared to native 
state at 0 M and fully unfolded state at 6 M GdnHCI, showing that intermediate 
state stabilized at 2 M GdnHCI had exposed hydrophobic patches. This result 
coupled with other (Figure 5.11) corroborates the evidences for an MG-like 
intermediate structure in the equilibrium denaturation of Succinyl Con A. This 
MG-like state at ~2 M GdnHCI had native-like secondary structure and showed 
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altered intrinsic tryptophan parameters with exposed hydrophobic patches on the 
surface. 
5.7.2. Unfolding of Succinyl Con A in presence of Urea: Figure 5.12 depicts 
urea- induced changes in structural and functional properties of Succinyl Con A as 
studied by intrinsic fluorescence, MRE value at 224 nm (far UV-CD) and ANS 
binding data at increasing urea concentrations. 
Wavelength maxima of intrinsic fluorescence of the protein was found to be 
affected first in case of urea denaturation, with transition occurring between 2 and 
6 M urea (figure 5.12A). The emission maximum (5imax) gradually shifted from 
335 nm at 0-2 M urea to 348 nm in > 6 M urea. A sigmoidal dependence of 
decrease in secondary structure content of Succinyl Con A with increasing urea 
concentration was detected with no change in value for native protein upto 5 M 
urea. Loss in far UV-CD signals took place above 5 M and upto 7 M urea. 
However, all the probes used for studying urea-induced unfolding showed non-
superimposable profiles, suggesting that the slope of transitions were significantly 
different. These findings indicated the presence of intermediate state that escaped 
detection by single probe. 
The stabilization of intermediate was demonstrated conclusively by plot of FI at 
330 nm versus urea concentration (figure 5.12B). FI was found to be unaffected 
upto 2 M urea, thereafter it increased sharply between 2 and 3 M urea. From 3 M 
to 4 M urea, plot of FI was stabilized implying presence of intermediate around 
this concentration. This plateau was followed by next demarcated transition with 
decrease in FI between 4 and 6 M urea. Further support for appearance of 
intermediate state was provided by binding of ANS to the protein at different 
concentrations of denaturant. According to figure 5.12C, Succinyl Con A at 0-1 M 
urea showed minimal binding of ANS. However after 1 M urea FI at 480 nm 
gradually increased and at 3 M urea, the protein exhibited maximum ANS 
fluorescence showing appearance of exposed hydrophobic patches in this state of 
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protein, while the hydrophobic patches were found to be disrupted again at high 
concentration of urea. The ANS fluorescence data correlate well with two distinct 
transitions as observed in denaturation curve in figure 5.12B, and suggest the 
presence of a hydrophobic equilibrium intermediate at ~3 M urea. 
For checking the reversibility of GdnHCl and urea-treated Succinyl Con A 
refolding studies were performed. As judged by intrinsic fluorescence spectra 
monitored for unfolded and refolded samples, complete reversibility could not be 
obtained (data not shown). The apparent midpoint concentrations (Cm) values for 
GdnHCl and urea-induced unfolding were obtained (from Figure 5.1 IB and 
5.12B) in terms of fluorescence intensity for checking the stability, and are 
summarized in Table 5.2. 
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Figure 5.12: (A) Normalized transition curves of urea induced equilibrium unfolding 
atpH 5'0 as monitored by following changes in MRE at 224 nm obtained from far UV-
CD ( • ) and in wavelength maximum (n)from intrinsic fluorescence measurements 
after excitation at 280 nm. 
(B) Changes in fluorescence intensity at 330 nm with increasing concentration of urea, 
obtained after exciting the protein samples at 280 nm. 
(C) Plot of fluorescence intensity at 480 nm with increasing concentration of urea, 
obtained from extrinsic fluorescence measurements after exciting the protein + ANS 
samples at 380 nm 
Table 5.2: Denaturant induced transitions of Succinyl Con A 
Denaturant 
GdnHCI 
Urea 
Concentration 
Ntol 
transition 
1 
2.6 
midpoint, Cm (M)* 
ItoU 
transition 
3 
5 
Values obtained from fluorescence intensity data (Figure 5.1 IB and 5.12B) 
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5.8. Conformational characteristics of GdnHCl and urea stabilized MG-like 
states 
5.8.1. Acrylamide quenching data 
Fluorescence quenching of tryptophan residues by quenchers such as acrylamide, 
has been shown to be useful to obtain information about solvent accessibility of 
these residues in proteins. The Stem-Volmer plot for quenching of intrinsic 
tryptophan fluorescence by acrylamide is depicted in Figure 5.13 and values 
obtained for quenching constant (Ksv) are listed in Table 5.3. Results for 
quenching of tryptophan analogue N-acetyltryptophanamide (NATA) were also 
included as standard for complete accessibility to the quencher. The plot indicated 
that tryptophan residues of the protein were exposed in presence of 2 M GdnHCl 
and 3 M urea as compared to native Succinyl Con A at pH 5 0, and to still higher 
extent at 6 M GdnHCl and 8 M urea. Unfolding of the protein in presence of 
denaturants resulted in exposure of buried tryptophan residues. These results 
indicated that MG-like states obtained at 2 M GdnHCl and 3 M urea are partially 
unfolded and have expanded conformation. 
5.8.2. Thermal stability by far UV-CD 
Succinyl Con A doesnot show any change in its secondary structure even upto 
85°C (figure 5.7). When far UV-CD was performed on MG-like states with 2 M 
GdnHCl and 3 M urea-treated samples, similar results were obtained (data not 
shown). Thus it can be inferred that Succinyl Con A is a very stable protein 
thermally, even in presence of 2 M GdnHCl and 3 M urea. 
Taken together all the results, it can be concluded that MG-like states of Succinyl 
Con A were found to be conformationally expanded having stable secondary 
structure even upto 85°C. 
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Figure 5.13: Stern-Volmer plot ofSuccinyl Con A at pH S'O (•), in presence of 2 M 
GdnHCl ( • ) , 6 M GdnHCl (O), 3 M urea (A) and 8 M urea (A). Plot ofNATA ( • ) 
was included for comparison. 
Table 5.3: Stern Volmer quenching constant ofSuccinyl Con A in 
different states 
Protein State 
Succinyl Con A (at pH 5 0) 
Succinyl Con A + 2 M GdnHCl 
Succinyl Con A + 3 M urea 
Succinyl Con A + 6 M GdnHCl 
Succinyl Con A + 8 M urea 
NATA 
Ksv(M-') 
1-65 
3-87 
306 
9-39 
11-86 
20-96 
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Aggregation in Con A and mechanism of its prevention: Turbidity measurements 
indicated that aggregation in Con A developed in presence of TFE and HFIP while 
succinylated form didnot show such behavior (figure 5.1). Aggregation in Con A 
may occur due to exposure of hydrophobic patches in presence of fluoroalcohols. 
Surprisingly at high fluoroalcohol concentration, aggregation was not observed in 
Con A; confirming that high concentration of fluoroalcohols lead to significant 
loss of tertiary structure, breaking up presumed hydrophobically driven 
interactions and thus didnot lead to formation of aggregates. Such aggregation 
behavior was not observed when Succinyl Con A was subjected to increasing 
concentration of fluoroalcohols and more stable helix forms in TFE-H2O and 
HFIP-H2O solvent system. This difference suggests the importance of ionic 
interactions (due to enhanced negative charges developed on protein by 
succinylation) in prevention of hydrophobic-interaction driven aggregation. 
Positively charged residues are modified by succinylation [120], converting them 
from basic to acidic groups. Charged amino acids on protein surface, exist in the 
form of salt-bridges, where positive charges (for example- of lysine) interact with 
negative charges (for example- of glutamic acid). However due to development of 
negative charges on residues, electrostatic repulsion with nearby negative residues 
(of former ion-pairs) may result. Such repulsive interactions may play a significant 
role in preventing aggregation, as evidenced in the case of Con A and Succinyl 
Con A. While exposed hydrophobic patches tend to aggregate the protein, 
electrostatic repulsion may prevent these patches from collapsing together, 
resulting in overall aggregate-stabilizing effect of this protein modification. 
Another significant difference in aggregation behaviour of Con A and Succinyl 
Con A was observed when both forms of the protein were subjected to increasing 
temperature. High temperature was found to induce significant aggregation in Con 
A as compared to Succinyl Con A (at same concentration of both proteins, figure 
5.9). Con A was less stable than Succinyl Con A with aggregate formation starting 
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at lower temperature (45°C for Con A as compared to 75°C for Succinyl Con A, at 
high concentration, figure 5.10 A). Succinyl Con A maintained its secondary 
structure (beta-sheet form at pH 5) even at very high temperature (at low 
concentration) and also showed a shift from atypical to typical beta-sheet structure 
occurring at high temperature (figure 5.8). Moreover, Succinyl Con A in alpha-
helical form had gradual, non-cooperative unfolding and CD measurements 
indicated residual alpha-helix even at very high temperature (figure 5.7). 
Aggregation was not reported in Succinyl Con A (in both alpha-helical and beta-
sheet forms) in concentration range used to perform CD studies (i.e. 0.3 mg/ml), 
while at the same concentration Con A showed visible aggregation. High 
temperature induces aggregation due to exposure of hydrophobic residues again 
suggesting that addition of negative charges stabilizes protein against 
hydrophobically driven aggregation. 
Another factor found to affect conformation and thermal stability of Con A and 
Succinyl Con A was protein concentration. It is clearly shown in this study that 
aggregation in both forms of protein was significantly higher at higher protein 
concentration (figure 10 A), indicating that this condition enhanced aggregate 
formation as would be expected for a conformation based on protein-protein 
interactions. At pH 5-0, both proteins exist in beta-sheet form. As temperature of 
protein solution is raised, tertiary structure is disrupted, amount of hydrophobic 
surface area increases and the rearrangement of beta-sheet interactions become 
dominant. This situation is favored at high protein concentration due to enhanced 
possibility of beta-sheets with disrupted tertiary segments to interact with same 
portion on another chain, resulting in intermolecular beta-structure, thus driving 
aggregation in a concentration-dependent manner. Aggregation in Con A was 
found to be prevented at extremes of pH (figure 5.10 A). At pH 2-0 overall 
positive charge develops on the protein (due to protonation of residues) while at 
pH 10-0 net negative charge develops (pi of Con A is 4-4) [121]. At extremes of 
pH intermolecular beta-sheet H-bond interactions become disfavored with a shift 
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to enhanced intramolecular interactions. Electrostatic repulsion between residual 
positively charged or negatively charged chains may result in observed aggregate 
stabilizing effect. 
Since upon succinylation, positively charged residues are modified, changes in 
aggregation pattern observed between the two forms of the protein suggests that 
these could possibly be important residues in that portion of sequence responsible 
for conformational changes resulting in aggregation. Moreover, prevention of 
aggregation at extremes of pH, suggests the possible role of Glu/Asp/Lys (both 
positively and negatively charged residues) in conformational changes and 
aggregation prevention in Con A. 
Possible mechanism offluoroalcohol-induced unfolding in Succinyl Con A: 
The results obtained from the experiments on Succinyl Con A above lead us to 
suggest that Succinyl Con A forms two stable intermediate states in the presence 
of both fluoroalcohols, TFE and HFIP. CD studies (Table 5.1) suggest that at 10% 
(v/v) TFE and 4% (v/v) HFIP induced states retained secondary structure element 
of the native protein (beta-sheet) as well as a significant proportion of tertiary 
structure. TFE and HFIP are known to denature proteins by disrupting tertiary and 
quaternary structure (non-local hydrophobic interactions) while inducing alpha-
helicity by enhancing local polar interactions [122-125]. Although a rare partially 
folded intermediate possessing native like beta-structure has been reported by TFE 
in tendamistat [126], but unique states observed at 10% (v/v) TFE and 4% (v/v) 
HFIP concentration in Succinyl Con A have still not been observed elsewhere. 
Here we have also characterized molten globule like states of Succinyl Con A at 
pH 5-0 in the presence of 60% (v/v) TFE and 30% (v/v) HFIP. Far UV-CD 
spectra show that secondary structure of these states is predominantly alpha-
helical as compared to native Succinyl Con A that is mainly a beta-sheet protein. 
Near UV-CD shows almost disrupted tertiary structure of these states as compared 
to the native. Intrinsic fluorescence and ANS binding studies indicate that these 
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states are more unfolded and have exposed hydrophobic patches than native form 
of the protein. All these data provide evidence that these states have molten 
globule-like characteristics. The various spectroscopic characteristics of these 
states are summarized in Table 5.1. 
Unfolding of Succinyl Con A by fluoroalcohols can be formulated to follow a 
three-state process in which: [1] native Succinyl Con A with atypical beta-
structure has been monitored at 0% fluoroalcohol concentration as initial state, [2] 
Partially folded intermediate (PFI) with disrupted native beta-structure developed 
at 10% (v/v) TFE and at 4% (v/v) HFIP concentrations, [3] non-hierarchical MG-
like state developing with alpha-helical structure and disrupted tertiary structure 
stabilized at 60% (v/v) TFE and at 30% (v/v) HFIP concentration. 
TFE and HFIP are organic solvents with dielectric constant significantly smaller 
than that of water. Fluoroalcohols are much weaker proton acceptor than water but 
are slightly stronger proton donor [127]. These weaken non-local hydrophobic 
contacts and slightly enhance local helical interactions. TFE and HFIP, at low 
concentration, act as an osmolyte and disrupt the native structure of proteins (as 
compared to that attained in H2O) and this effect is global in nature affecting all 
regions of the protein structure equally [128]. In case of Succinyl Con A, in 
presence of 10% (v/v) TFE and 4% (v/v) HFIP concentrations, such disruption of 
beta-structure has been recorded, suggesting that fluoroalcohols affect nonlocal 
intramolecular hydrophobic interactions that might cause structural restrictions for 
aromatic side chains. This consequently resuhs in reduction in far-UV CD signals 
when low concentration of fluoroalcohol is added. More addition of TFE causes 
decreased polarity of the medium and puts a thermodynamic constraint upon 
hydrophilic exterior of the protein that is involved in maintaining large hydration. 
On the other hand, hydrophobic residues in the interior of the protein prefer apolar 
environment. Such a situation can be relieved by transition of protein into alpha-
helical structure that has less polar groups exposed to the solvent. Polar peptide 
groups become unavailable for hydration upon alpha-helix formation and non-
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polar groups remain on the surface of the helix. Thus progressive addition of 
fluoroalcohol destroys the native structure of Succinyl Con A and induces 
formation of alpha-helical conformation. This MG-like state has exposed 
hydrophobic patches and significant loss of tertiary structure as compared to the 
native. 
The unfolding process of Succinyl Con A in presence of fluoroalcohols can be 
described as: 
10% TFE_^ 
2 
4% HFIP 
^^PFI 
PFI 
60% TEE 
30% HFIP 
—• MG-like state 
^ MG-like state , 
80-90% TFE 
^"^^ I state 
-"^80-90% HFIP 
Where N2 represents Succinyl Con A in dimeric state at pH 5 0, PFI state 
represents partially folded intermediate in beta-form, MG is molten globule like 
state in alpha-helical form and I is highly alpha-helical non-native intermediate 
state induced at very high fluoroalcohol concentration. 
Chemical denaturants induced unfolding of Succinyl Con A 
GdnHCl and urea are the most common chemical denaturants that are used for 
measuring protein stability. Succinyl Con A is denatured with transition mid-
points occurring at 1 and 3 M GdnHCl and at 2-6 and 5 M urea. Apart from that 
equilibrium denaturation of Succinyl Con A proceeds via formation of MG-like 
intermediates at ~2 M GdnHCl and ~3 M urea. The possible unfolding mechanism 
of Succinyl Con A in GdnHCl and urea is represented schematically below: 
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• Unfolded protein 2 M GdnHCl 
Native Succinyl Con A 
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The molecular mechanism underlying denaturing capacity of GdnHCl and urea 
has not been fully understood [129]. Two common fundamental features of these 
two denaturants are: (i) These interact preferentially with the backbone -CONH-
of proteins and other polar groups in the side-chains by forming multiple H-bonds 
[130] and thus lead to salting-in of such groups in the aqueous solution; and (ii) 
Surface tension of water is increased due to addition of GdnHCl and urea and thus 
salting-out of non-polar groups from aqueous phase occurs [131]. The first action 
is strongly destabilizing while the second one stabilizes the folded conformation. 
GdnHCl was found to be stronger denaturant than urea, as is evident from 
transition mid-point values (Cm) (Table 5.2). There are several reports on 
GdnHCl and urea providing different estimates for conformational stability of 
globular proteins [132,133]. These differences in action of urea and GdnHCl can 
be attributed to ionic character of the latter and the positive charge delocalized 
over planar structure of guanidinium ion. GdnHCl is an electrolyte with pKa of 
~11. Thus at pH 50, at which experiments were performed, GdnHCl molecule 
must be present in fully dissociated form as Gdn"^  and CF. Thus Gdn^ can adsorb 
preferentially on protein surface due to its preferential interaction with H-bonding 
groups. Such a mechanism is able to account for greater destabilizing ability of 
GdnHCl than urea. 
95 
Protein aggregation plays a crucial role in protein science and engineering. 
Prevention of protein aggregation is a problem of significant economic 
importance. The work presented here suggests that succinylation of this protein 
has marked effect on aggregation-tendency of the protein. This sort of protein 
modification process may be important in protein engineering or in amyloid-
forming proteins. The possibility of preventing aggregation of the protein by 
succinylation appears to be of interest when studying the aggregation mechanism 
of proteins that are prone to form the amyloid structures responsible for the 
development of neurodegenerative diseases like Alzheimer's disease, bovine 
spongiform encephalopathy, Huntington disease. Such modification can be 
attempted in human protein whose aggregation may lead to pathological disorder. 
If this is tried in future experiments, correct folding of such modified protein 
should be known. Succinyl Con A acts as a model and paves the way for further 
studies in this regard. 
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Abstract 
Concanavalin A (Con A) exists m dimenc state at pH 5 In concentration range 20-60% (v/v) 2,2,2-tnfluoroethanol (TFE) and 2-40% 
(v/v) 1,1,1,3,3,3-hexafluoroisopropanol (HFIP), Con A at pH 5 0 shows visible aggregation However, when succinyl Con A was used, no 
aggregation was observed in the entire concentration range of fluoroalcohols (0-90% v/v TFE and HFIP) and resulted in stable a-helix 
formation Temperature-induced concentration-dependent aggregation in Con A was also found to be prevented/reduced in succinylated 
form Possible role of electrostatic repulsion among residues in the prevention of hydrophobicaily driven aggregation has been discussed 
Results indicate that succinylation of a protein resulted in greater stability (in both P-sheet and ot-helical forms) against alcohol-induced 
and temperature-induced concentration-dependent aggregation and this observation may play significant role in amyloid-forming pro-
teins Effect of TFE and HFIP on the conformation of a dimeric protein, Succinylated Con A, has been investigated by circular dichroism 
(CD), fluorescence emission sp>ectroscopy, binding of hydrophobic dye ANS (8-anilinonaphthalene-l-sulfonic acid) Far UV-CD, a 
probe for secondary structure shows loss of native secondary structure in the presence of low concentration of both the alcohols, 
TFE (10% v/v) and HFIP (4% v/v) Upon addition of higher concentration of these alcohols, Succinylated Con A exhibited transfor-
mation from P-sheet to ot-helical structure Intrinsic tryptophan fluorescence studies, ANS binding and near UV-CD experiments indicate 
the protein is more expanded, have more exposed hydrophobic surfaces and highly disrupted tertiary structure at 60% (v/v) TFE and 
30% (v/v) HFIP concentrations Taken together, these results it might be concluded that TFE and HFIP induce two intermediate states 
at their low and high concentrations in Succinyl Con A 
© 2006 Elsevier Inc All rights reserved 
Keywords Succinylated Con A, Molten globule like state, Circular dichroism. Partially folded intermediate 
The mechanism by which proteins fold from a structure-
less denatured state to their unique biologically active state 
IS an intricate process However, recent advances in bio-
physical techniques [1,2], both thermodynamic and kinetic, 
have shown the presence of stable intermediate conforma-
tional states in a number of proteins [3-5], which helped in 
the understanding of protein folding phenomenon The 
folding process is even more complex in multimenc 
Corresponding author Fax -f 91 571 2721776 
E mail addresses rizwanhkhan@hotmdil com, rizwanhkhanl ©yahoo 
com (R H Khan) 
proteins, where each subunit may be capable to unfold/re-
fold independently and inter-subunit interactions may 
affect the overall folding process [6] 
Concanavalin A (Con A) is a glucose/mannose specific 
plant lectin [7] obtained from Canavaha ensiformis (jack 
bean) and is composed of four identical subunits (Mr of 
one subunit = 26,500) In its ability to agglutinate the 
erythrocytes of numerous animal species, clump certain 
bacteria, precipitate glycogen, and starch from solution. 
Con A IS likened to an antibody. The complete three-
dimensional structure of Con A has been determined by 
X-ray crystallographic diffraction methods [8,9] Each of 
0003-9861/$ see front matter © 2006 Elsevier Inc All rights reserved 
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Native-like Tertiary Structure in the Mucor miehei Lipase Molten 
Globule State Obtained at Low pH 
Sadaf Fatima, Basir Ahmad and Rizwan Hasan Khan 
Interdisciplinary Biotechnology Unit, Aligarh Muslim University, Aligarh, India 
Summary 
Studies on the acid-induced denaturation of Mucor miehei lipase 
(E.C. 3.1.1.3) were performed by circular dichroism (CD) spectro-
scopy, fluorescence emission spectroscopy and binding of hydro-
phobic dye, 1-anilino 8-naphthalenesuIfonic acid (ANS). Acid 
denaturation of the lipase showed loss of secondary structure and 
alterations in the tertiary structure in the pH range 4 to 2 and 7 to 2 
respectively, suggesting that the lipase exists as an acid-unfolded 
state ~pH 2.0. A further decrease in pH (from 2.0 to 1.0) resulted 
in a second transition, which corresponded to the formation of both 
secondary and tertiary structures. The acid unfolded state at around 
pH 2.0 has been characterized by significant loss of secondary 
structure and a small increase in fluorescence intensity with a blue 
shift of 2 nm, indicating shift of tryptophan residues to less polar 
environment. Interestingly, the lipase at pH 1.0 exhibits character-
istics of molten globule, such as enhanced binding of hydrophobic 
dye (ANS), native-like secondary structure and slightly altered 
tryptophanyl environments. That the molten globule of the lipase at 
pH 1.0 also possesses native-like tertiary structure is an interesting 
observation made for this lipase. 
lUBMB Life, 59: 179-186, 2007 
Keywords Lipase, Mucor miehei, molten globule, circular dichro-
ism, tryptophanyl fluorescence 
INTRODUCTION 
Lipases are versatile biocatalysts that bring about a range of 
bioconversions of lipids such as hydrolysis, transestenfication, 
alcoholysis, acidolysis and aminolysis They also exhibit 
cutinase and amidase activities (7) Biotechnological versatility, 
high regio-/enantioselectivity and the tremendous potential 
of these enzymes have been harnessed in areas such as food 
technology, biomedical sciences, chemical and oleochemical 
industries, pesticides, single cell proteins, cosmetics, waste 
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disposal, biosensor modulations, detergents, leather processing 
etc (2) 
Mucor miehei triacylglycerol lipase, in general terms, falls 
into the category of parallel ajfi hydrolase as defined by 
Richardson (i) The three-dimensional structure of this lipase 
has been solved at 1 9 A° {4) A single polypeptide chain of 269 
residues is folded into a central mixed beta-pleated sheet with 
predominantly parallel (8 major -f 1 additional) strands con-
nected by a variety of hairpins, loops and helical segments 
The protein also contains 5 alpha helices (5) In total, 130 
amino acid residues (48 3%) occur in sheets or helices with the 
remaining 51 7% residues located in beta-hairpins and longer 
surface loops The catalytic center of M miehei lipase is 
formed by Ser-144, Asp-203 and His-257 In native and 
inactive forms of the enzyme, the catalytic site is shielded from 
the solvent by an amphipathic alpha-helix (residues 82-96) 
also called a lid or flap Three disulfide bridges stabilize the 
folding of the polypeptide chain Cys40-Cys43, Cys29- Cys268 
and Cys235- Cys244 
Our attempts towards understanding mechanisms by which 
proteins acquire their three-dimensional structure from one-
dimensional amino acid sequence have been many, though still 
insufficient The current literature view is that each sequence 
folds through a unique energy landscape that is dictated by 
intrinsic properties of the polypeptide and by the extrinsic 
influence of the folding environment ((5) Kinetic refolding 
experiments m vitro as well as theoretical calculations suggest 
that protein folding is a sequential hierarchical process (7), 
with the existence of stable 'molten globule' (MG) conforma-
tions between fully folded and unfolded states {8) The 
characteristic features of the 'molten globule' state are (i) it 
contains extensive secondary structure, (u) it has loose tertiary 
contacts without tight side-chain packing, (iii) it is less 
compact than the native state, (iv) it is more compact than 
the unfolded state Proteins in this MG state contain high level 
of secondary structure, as well as rudimentary native-like 
tertiary topology Recent evidence, however, supports the idea 
that molten globules may also possess well-defined tertiary 
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Effect of Polyethylene Glycols on the Function and Structure 
of Thiol Proteases 
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Thiol proteases are industrially significant proteins with cataljiiic efficiency. The 
effect of low, medium and high molecular-weight poly (ethylene glycol) (PEG- 400, 
6000 and 20000) on the stability of thiol proteases (papain, bromelain and 
chymopapain) has been studied by activity measurements using synthetic sub-
strate. Structural studies performed on papain by far UV circular dichroism 
spectroscopic measurements indicate that there is loss in secondary structiu'e of 
the protein in presence of increasing concentration of PEGs. Intrinsic fluorescence 
measurements lead us to conclude that tryptophan residues of protein encounter 
non-polar microenvironment in presence of PEG solvent while acrylamide 
quenching shows greater accessibility of tryptophan residues of papain in presence 
of PEGs. Extrinsic fluorescence measurements lead us to conclude that PEGs bind 
to the hydrophobic sites on the protein and thus destabilize it. Thermal 
denaturation studies show that melting temperature of papain is decreased in 
presence of PEGs. Possible mechanism of destabilization is discussed next. The 
results imply that caution must be exercised in the use of PEGs with thiol 
proteases or hydrophobic proteins in general, for different industrial applications, 
even at room temperature. 
Key words: Poly(ethylene glycol), protein stability, synthetic substrate, thiol 
proteases. 
Abbreviations: ANS, 8-anilino-l-naphthalene-sulphonic acid; DMSO, dimethylsulphoxide; EDTA, ethylene 
diamine tetra-acetic acid; GdnHCl, guanidine hydrochloride; MRE, mean residue ellipticity; NATA, 
N-acetyl tryptophaneimide; PEG, poly(ethylene glycol); Tm, mid point of transition; wA^ , weight/volume 
ratio. 
INTRODUCTION average molecular weights, e.g. a PEG with n = 80 would 
have an average molecular weight of approximately 
Stability of the protein is a function of external variables 3 500 Daltons and would be labeled PEG 3500. 
such as pH, temperature, ionic strength and solvent pEG is a hydrophillic, non-ionic, non-toxic polymer 
composition. Understanding the structural and func- used in many biochemical and industrial applications 
tional properties of an enzyme under different solvent such as cosmetics, food, and pharmaceutical products, 
conditions is fundamentally important for both theore- The success of this polymer in biotechnological applica-
tical and applicative reasons; as these studies may tions depends on its mild action on the biological activity 
prbvide insight into the molecular basis of the stabiUty of cell components. Apart from that, PEG is also used for 
of the enzjnme. Designing protocols or a protein with Uquid-liquid psirtitioning and precipitataion of biomacro-
special properties for biotechnological applications molecules (.2-4) for protein crystallography. Due to the 
require such results. A simple method for such studies extensive practical uses of PEGs, it is of fundamental 
involves the monitoring of conformational changes due to importance to understand the conformational changes 
perturbation of a protein molecule by various agents ocurring in the protein conformation and activity in 
such as guanidine hydrochloride (GrdnHCl), urea, tern- PEG-water solution. 
perature and cosolvents (1). One such cosolvent is Thiol proteases (e.g. Bromelain, papain, chymopapain) 
poly(ethylene glycol) (PEG)—a nonpolar polymer of are industrially very significant proteins. These belong to 
ethylene oxide. PECis have different physical properties ex + p class of proteins and have highly similar amino-acid 
(e.g. they may be liquid or low-melting solid) depending sequence (5-7). Thermal denaturation profile of these 
on their molecular weights, however their chemical proteins has been found to be completely irreversible 
properties are nearly identical. PEGs have the general (8, 9). In this work, we have monitored the activity and 
structure; HO-(CH5r-CH2-0)„-H. The numbers that are conformational changes in these enzymes induced by 
often included in the names of PEGs indicate their PEG solutions of different molecular weights, i.e. 20000, 
6000 and 400. Activity measurements (at different 
temperatures) show that PEGs lead to destabilization of 
•To whom correspondence should be addressed. Tel: +91- t^^se three proteins although extent of destabilization 
571-2720388, Fax: + 91-571-2721776, E-mail: rizwanhkhan® by a particular PEG is different for different protein. 
hotmail.com or rizwanhkhanl@yahoo.com Far UV-CD measurements show that PEGs lead to 
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Characterization of Fluoroalcohols-Induced Intermediates of Mucor mie-
hei Lipase at Low pH 
Sadaf Fatima^ Aseem Mishra'', Priyankar Sen^ and Rizwan Hasan Khan** 
"Interdisciplinary Biotechnology Unit, Aligarh Muslim University, Aligarh, India, 
Engineering and Biotechnology, New Delhi, India 
International Center for Genetic 
Abstract: We have previously characterized an acid-unfolded (UA) state oi Mucor miehei lipase at pH 2. The effect of 
2,2,2-trifluoroethanol (TFE) and 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) resulted in characterization of molten-globule 
(MG) like states with P-sheet secondary structure at 15% (v/v) TFE and 6% (v/v) HFIP. a-Helical states accumulate at 
80% (v/v) TFE and 30% (v/v) HFIP. 
Keywords: Lipase, Mucor miehei, Molten Globule like state, circular dichroism, partially folded intermediate. 
INTRODUCTION 
Alcohols have been widely used as protein denaturants, 
precipitants and crystallization reagents. Nonpoiar character 
of alcohols destabilizes hydrophobic cores of protein and 
also enhances secondary structure formation of protein by 
minimizing exposure of peptide backbone [1-2]. Alcohols 
denature the native state of proteins, and also stabilize the a-
helical conformation in unfolded proteins/peptides. Studies 
on alcohol effects provide insights into biologically impor-
tant events because the alcohol modifies folding pathway of 
proteins [3-4], induces the assembly of biologically relevant 
peptides [5] and mimics the environment of biomembranes 
[6]. Fluorinated alcohols like TFE and HFIP with their high 
potential in stabilizing a-helical structure [7-8] have been 
used, not only, in order to promote formation of helical 
structure in proteins [9] but in many other instances such as 
transformation of protein into molten globule-like intermedi-
ate [10-12] and stabilization of intermediate structures of 
proteins [13]. Fluoroalcohols induced folding intermediates 
have been characterized from our lab on different proteins 
[14-15]. 
The function of a protein depends on its ability to acquire 
a unique three-dimensional structure. Understanding how 
this process occurs is one of the great challenges in protein 
science. Proteins are known to accumulate different confor-
mational states during their unfolding by various denaturants 
[16-18]. In order to understand the phenomenon of protein 
folding, all conformational states should be described with 
respect to their structure and function because such confor-
mational states might resemble the intermediate state along 
the in vivo protein-folding pathway, and thus play an impor-
tant role in understanding the mechanism of protein folding 
[19-20]. One such intermediate state known as "molten 
globule" has attracted much attention in recent years. The 
molten globule is a conformational state of the protein pos-
'Address correspondence to this author at the Interdisciplinary Biotechnol-
ogy Unit, Aligarh Muslim University, Aligarh - 202 002, India, Tel +91-
571-2720388, Fax + 91-571-2721776, E-mail rizwanhkhan@hotmail com, 
nzwanhkhan I @yahoo com 
sessing significant secondary structure with no/fluctuating 
global tertiary structure and exposed hydrophobic patches 
[21-22]. 
Lipases are versatile biocatalysts that bring about a range 
of bioconversions of lipids such as hydrolysis, transesterifi-
cation, alcoholysis, acidolysis and aminolysis. Lipases have 
been widely used in food technology, biomedical sciences, 
chemical and oleochemical industries, pesticides, single cell 
proteins, cosmetics, waste disposal, biosensor modulations, 
detergents, leather processing etc Despite many industrial 
and biotechnological applications of lipases, little is known 
about the folding intermediates of these enzymes. Mucor 
miehei triacylglycerol lipase is a/p hydrolase containing sin-
gle polypeptide chain of 269 residues [23-24]. It has central 
beta-pleated sheet, interconnected by alpha helices. From our 
earlier studies on the folding of this lipase, an acid-unfolded 
intermediate state (UA) was detected at pH 2.0, which refolds 
to molten globule state around pH 1 [25]. 
We present here in a systematic way the conformational 
behavior of lipase in increasing concentration of fluoroalco-
hols (TFE and HFIP). We report the existence of compact 
and expanded conformations of lipase (at pH 2) in presence 
of low and high concentration of fluoroalcohols, respec-
tively. The significance of these results in the folding of li-
pase is discussed in view of the alcohol-induced intermediate 
states of this protein at low pH. 
MATERIALS AND METHODS 
Materials 
Lipase from Mucor miehei, TFE, HFIP and BCA kit were 
purchased from Sigma Chemical Co. (St. Louis, Mo,USA). 
All other reagents and buffer compounds used were of ana-
lytical grade. 
Methods 
Titration of Lipase with Fluoroalcohols 
Protein stock of 5 mg.ml' was prepared in Glycine-HCl 
buffer of pH 2 (10 mM). pH measurements were carried out 
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Abstract A systematic investigation of the effects of detergents [Sodium dodecyl sulphate (SDS), 
hexa decyltrimethyl ammonium bromide (CTAB) and Tween-20] on the structure of acid-unfolded 
papain (EC.3.4.22.2) was made using circular dichroism (CD), intrinsic tryptophan fluorescence, 
and l-anilino 8-sulfonic acid (ANS) binding. At pH 2, papain exhibits a substantial amount of sec-
ondary structure and is relatively less denatured compared with 6 M GdnHCl (guanidine hydro-
chloride) but loses the persistent tertiary contacts of the native state. Addition of detergents caused 
an induction ofa-helical structure as evident from the increase in the mean residue ellipticity value 
at 208 and 222 nm. Near-U\' CD spectra also showed the regain of native-like spectral features in 
the presence of 8 mM SDS and 3.5 mM CTAB. Induction of structure in acid-unfolded papain was 
greater in the presence SDS followed by CTAB and Tween-20. Intrinsic tryptophan fluorescence 
studies indicate the change in the environment of tryptophan residues upon addition of detergents to 
acid-unfolded papain. Addition of 8 mM SDS resulted in the loss of ANS binding sites exhibited by a 
decrease in ANS fluorescence intensity, suggesting the burial of hydrophobic patches. Maximum 
ANS binding was obtained in the presence of 0.1 mM Tween-20 followed by CTAB, indicating a com-
pact "molten-globule"-like conformation with enhanced exposure of hydrophobic suiface area. Acid-
unfolded papain in the presence of detergents showed the partial recoveiy of enzymatic activity. These 
results suggest that papain at low pH and in the presence of SDS exists in a partially folded state char-
acterized by native-like secondary structure and tertiary folds. While in the presence ofTween, acid-
unfolded papain exists as a compact intermediate with molten-globule-like characteristics, viz. 
enhanced hydrophobic surface area and retention of secondary structure. While in the presence of 
CTAB it exists as a compact intermediate with regain of native-like secondary and partial tertiary 
structure as well as high ANS binding with the partially recovered enzymatic activity, i.e., a molten 
globule state with tertiary folds. ? 2006 Wiley Periodicals, Inc. Biopolymers 83: 1-10, 2006 
This article was originally published online as an accepted preprint. The "Published Online" date 
corresponds to the preprint version. You can request a copy of the preprint by emailing the 
Biopolymers editorial office at biopolymers@wiley.com 
Keywords: anion-induced state; circular dichroism; molten globule; papain; partially folded 
intermediate state 
INTRODUCTION 
To understand the factors governing the formation of 
three-dimensional protein structures, it is important 
Correspondence to: R. H. Khan; e-mail: rizwanhkhan@hotmail. 
com or rizwanhkhanl@yahoo.com 
Biopolymers, Vol. 83, 1-10 (2006) 
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to elucidate the hierarchy of interactions that stabilize 
the native and molten globule states. A molten globule 
exists as an intermediate between native and denatured 
states, is defined as a compact conformation with a 
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